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ABSTRACT
This work presents four studies on the environments where massive stars evolve and
how these stars influence their surroundings as they age. The first two studies investigate
properties associated with high-mass stars themselves and the signatures of their own for-
mation. The theory of mass accretion via a circumstellar disk is a leading hypothesis for the
formation of high-mass stars. We used infrared surveys to identify massive stars and spec-
troscopic observations of our sample to search for remnant accretion disks. We also study
the Lyman excess phenomenon in ultra-compact HII regions to determine if these anomalies
can be explained via astrophysical processes or if there is an inherent shortcoming of the
modeling of high-mass stars in these compact environments. The final two studies observed
how high-mass stars influence environments from a distance. We explore regions in which
high-mass stars may be the progenitor of future generations of stars in both a low-mass,
isolated cometary cloud and as an integral part an enormous molecular cloud. We used
young stellar object populations to quantify how well these molecular clouds turn their
material into stars by determining star formation efficiencies in these regions. By studying
these stars at different timescales of their evolution, we can achieve a more complete picture
of the evolutionary process of OB stars.
In our first study, we collected spectra of a selection of candidate OB stars believed to
be the stars powering infrared bubble/HII regions. We obtained optical and infrared spec-
tra using the Wyoming Infrared Observatory and the Gemini Near-Infrared Spectrometer,
respectively. Chief among our findings was that the O8.5 V type star VES 735, shows Brγ
emission and double peaked Hα emission that has been sustained for more than 15 years.
This long-lived emission of Hα suggests that this may come from the outer layers of a cir-
cumstellar disk, rather than being due to episodic mass-loss events, as seen in ζ Oph. A
xxix
portion of this work has been submitted to the Research Notes of the American Astronomical
Society.
The second study is an investigation of a large number (67) of compact/ultra-compact
HII regions recently identified in the CORNISH catalog. These regions were determined
to be powered by a Lyman continuum flux in excess of what was expected given their
corresponding luminosity. We attempted to reasonably explain away this Lyman excess
phenomenon in as many of the 67 HII regions as possible through a variety of observational
and astrophysical means. We calculated new luminosities, performed new Herschel pho-
tometry, determined new distances, used different models for dust and ionized gas covering
factors, and used different stellar calibrations. This phenomenon has been observed before;
however, the objects shown to exhibit this behavior have decidedly different physical prop-
erties than the regions in our sample, and thus the origin of the excess is not the same.
Though the exact mechanism producing the excess is still uncertain, we found that a scaled
up magnetospheric accretion model, often used to explain similar emission from T Tauri
stars, is unable to match our observations. We found that the excess can be reproduced
using OB stellar atmosphere models that have been slightly modified in the extreme ul-
traviolet. Our results suggest that the Lyman excess may be associated with younger HII
regions and that it is more commonly found in early B-type stars. Our refined sample of
24 Lyman excess HII regions provides an ideal sample for comparative studies with regular
HII regions and can act as the basis for the further detailed study of individual regions.
This work was accepted for publication in The Monthly Notices of the Royal Astronomical
Society in May, 2018.
The third study reports the first high-resolution 12CO and 13CO observations of the
bright outer Galaxy HII region CTB 102 (KR 1), using the Taeduk Radio Astronomy Ob-
servatory (TRAO). CTB 102 is one of the largest HII regions/bubble structures in the Milky
Way, but had not been previously observed in the two main high-resolution FCRAO CO
surveys: the Outer Galaxy Survey (OGS) and the Galactic Ring Survey (GRS). With the
xxx
first look at the molecular gas along this line of sight, we determined the sites of ongoing
star formation associated with CTB 102 using WISE and 2MASS archival data. Using the
high-resolution CO observations, we also determined the molecular cloud mass using multi-
ple techniques, concluding that it is between ∼ 104.8− 105.0 M. Applying color-color cuts,
SED fitting, and spectral index classification, we found that the YSO population seems to
be grouped into separate pockets of star formation within the giant cloud. WISE sensitiv-
ities prevent us from observing YSOs at masses . 1 − 2 M, but, by adopting a Salpeter
IMF, we estimated star cluster masses for the pockets of star formation as well as for the
entire cloud. We found an interesting region within the molecular cloud that has an unusu-
ally high star formation efficiency, but the cloud as a whole is only slightly higher than an
average GMC. This study has been submitted to the Astrophysical Journal.
We conclude with one final study on how high-mass stars influence their environment
by examining a cometary molecular/atomic cloud in Cepheus. This cloud is believed to
have had its appearance sculpted by the presence of the Cep OB3 association, located ∼70
pc from the head of the cloud. We were able to make mass estimates based on 12CO ob-
servations and determined that the mass of the head of the molecular cloud is between 200
– 300 M. This molecular cloud is much closer than CTB 102, only 750 pc away, meaning
that WISE is sensitive down to sub-solar YSOs in this case. We then used the proper-
ties of the entire sample of identified YSOs, as determined by SED fitting, to approximate
the stellar cluster mass, and determined that the star formation efficiency is ∼ 2.75 − 4%.
We also explore the possibility that the star formation activity was triggered by an ioniza-
tion/shock front from Cep OB3, causing the cloud to implode. This study is in preparation
for submission to The Monthly Notices of the Royal Astronomical Society.
1CHAPTER 1. INTRODUCTION
Massive stars lead spectacular lives, shaping their environments through harsh radiation
that can both terminate and generate new star formation. When they die, they spew their
guts into space and enrich the interstellar medium with the materials that make life possible.
Surprisingly, given how important these stars are, the early stages of their evolution are
still somewhat mysterious.
The formation of these high-mass stars has proved to be problematic to model, as
hydrogen burning begins in their cores well before accretion onto the stellar surface is
finished. High mass stars (> 8 M) come with high luminosities (> 103 L), and therefore
high levels of radiation pressure opposing the gravitational collapse of material necessary to
continue building a massive star. This radiation pressure slows the accretion process onto
the star and is believed to overcome spherical accretion when it reaches roughly 20 M;
however, we observe stellar masses upwards of 150 M (Motte et al., 2017). Recent three-
dimensional models show that while spherical accretion is not possible above a certain limit,
an accretion disk will help to shield the gas from radiation and allow the star to continue
to grow in mass (Krumholz et al., 2009) (illustrated in Figure 1.1).
There are numerous factors that make observing high-mass star formation difficult.
Low-mass stars greatly outnumber high-mass stars, making these stellar nurseries further
away on average. High-mass stars form in massive molecular clouds and evolve more rapidly
than low-mass stars, making them rarer in time. Also, the fact that high-mass stars most
frequently form in clusters, coupled with the high levels of extinction towards the regions
2Figure 1.1: The inner accretion disk around an accreting massive star. Here, the inward
flow is allowed in the equatorial plane and the cavity above and below is evacuated by stellar
wind and radiation. The molecular disk is self-shielding against intense extreme ultraviolet
radiation by an ionization front separating HII and HI gas; and from far ultraviolet radiation
by the HI/molecular hydrogen interface. Dust is destroyed at r < rdust, and ionized gas at
r < revap is gravitationally bound. Sizes are not to scale. Adaptation of Figure 11 from
Zinnecker and Yorke (2007).
in which they form, make observations of the early evolutionary stages of solitary O stars
difficult (Ward-Thompson and Whitworth, 2015).
Nevertheless, a generally accepted story of the evolution of high-mass stars from pre-
core collapse to classical HII region has emerged (Motte et al., 2017; Zinnecker and Yorke,
2007; Churchwell et al., 2006; Ward-Thompson and Whitworth, 2015; Krumholz et al.,
2009). The initial conditions needed for massive-star formation are massive clouds at high
density and low temperature. The densest portion of these clouds are actually so dense
that they are optically thick at even infrared wavelengths leading to the term infrared-dark
clouds (IRDCs). Cores that will eventually collapse within these IRDCs can have masses
3∼100 M on sub-parsec scales and are believed to evolve into hot molecular cores, where
star formation has just begun within them. No longer dark at infrared wavelengths, hot
cores are very luminous and heat the complex molecular material that formed in the cold
IRDC phase. These cores contain the precursors to high-mass stars and continue to accrete
material causing them to grow in size and temperature. When they reach a temperature
where the star is able to photoionize the surrounding gas, they are detectable as HII regions.
An HII region can only form in the presence of a high mass star(s), as these are the only
stars hot enough to appreciably ionize their surroundings.
These HII regions become filled with UV photons, over-pressurizing the environment
and causing the cloud surrounding the OB star(s) to expand. Hyper-compact HII (HCHII)
regions have sizes smaller than 0.01 pc, ultra-compact (UCHII) regions are between 0.01 and
0.1 pc in size, compact regions have sizes between 0.1 and 0.5 pc, and classical HII regions
are anything larger. The size of the HII region depends on its age, but the exact size-age
relationship also depends on the structure of the interstellar medium (ISM), as more dense
material will take longer to expand and vice versa. The most compact HII regions are not
typically visible in the optical, as they are still surrounded by obscuring dust. They can
be detected through radio waves emitted via free-free emission from energetic electrons in
the ionized region. They are also detectable in the infrared, since light from the high-mass
stars is absorbed by the surrounding dust and re-emitted at longer wavelengths.
This dissertation focuses on the environments in which high-mass stars form and how
these stars influence their surroundings. We investigate the leading theory for the creation
of high-mass stars via detection of remnant accretion disks and the phenomena of excess
Lyman emission in ultra-compact HII regions. We also study YSO populations that were
likely generated via triggered star formation in two separate environments. First, due to the
presence of high-mass stars within a massive (∼ 104 − 105 M) molecular cloud. Second,
due to an association of OB stars located at a distance away from a small (∼ 102 M)
molecular and atomic cloud.
41.1 Infrared Bubbles and Circumstellar Disks
High mass OB stars generate > 1044 photons s−1 of ultraviolet radiation at λ < 91.2 nm
and strong stellar winds that push on their surrounding environments. Both of these pro-
cesses likely shape bubble/ring-like structures out of their natal clouds. If we are lucky, we
can catch a glimpse of the massive star(s) producing these bubbles shortly after the ob-
scuring material has cleared. In general, the more compact the bubble is, the younger the
central star shaping the bubble is. If the star is young enough, it may still have signatures
indicative of a remnant accretion disk, if this is indeed how they grow in mass. In chap-
ter 2 we investigate infrared bubbles in the interstellar medium and attempt to determine
the central source(s) responsible for shaping some of these structures. We use data from
the Galactic Legacy Infrared Midplane Survey Extraordinaire (GLIMPSE; Benjamin et al.
(2003)) taken by the Sptizer Space Telescope, and the AllWISE survey from the Wide-Field
Infrared Sky Explorer (WISE; Wright et al. (2010)).
The GLIMPSE program surveyed the Galactic plane at Galactic longitudes between
10◦ ≤ |l| ≤ 65◦ and Galactic latitudes between |b| ≤ 1◦ at 3.6, 4.5, 5.8 and 8.0 µm. These
wavelengths are sensitive to neutral PAH (3.6 µm) as well as ionized PAH emission at
the longer wavelengths of 5.8 and 8.0 µm. Polycyclic aromatic hydrocarbons (PAHs) are
organic compounds composed of hydrogen and carbon. PAHs are destroyed by hard UV,
or higher energy UV photons, but are excited by soft UV photons. Emission from excited
PAHs highlight the rims of these photodissociation regions (PDRs), found at the interface
between the HII region and the molecular clouds, making them good tracers of star forming
clouds in the Galactic plane. Churchwell et al. (2006) cataloged a few hundred bubbles in
this portion of the Galactic plane based on the GLIMPSE survey. In Figure 1.2, we see
the N49 HII region/bubble as a combined red, green, and blue (RGB) image as well as
the separate infrared bands. The OB star powering the bubble is located within the ring
structure, likely towards the center. We used the Churchwell et al. (2006) infrared bubble
catalog as a starting point for our search for high-mass stars.
5Figure 1.2: N49 infrared bubble at GLIMPSE wavelengths. The bubble is seen in combined
RGB (top) as well as its individual 3.6, 4.5 and 8.0 µm counterparts. Figure from Meade
(2015).
The WISE program surveyed the entire sky at similar near-infrared wavelengths (3.4
and 4.6 µm) and slightly longer wavelengths (12 and 22 µm) that are useful for detecting
extended emission such as cool dust that surrounds very young stars. Detection of stars at
12 or 22 µm inside a bubble region may indicate the presence of substantial gas and dust
surrounding a young massive star. The combination of these two surveys allow us to identify
potential OB stars in the central regions of Galactic bubbles using spectral energy distribu-
tion (SED) fitting to stellar atmospheric models. We follow up on a sample of candidate O
stars and look for circumstellar disk indicators via optical and infrared spectroscopy using
6Figure 1.3: Ultra-compact HII region, G032.1502+00.1329. 5 GHz map from CORNISH
(left), three-color image from the Spitzer GLIMPSE survey (3.6, 4.5, and 8.0µm) (middle)
and three-color UKIDSS survey (J, H, and K) (right). Each image shows the 5 GHz contour
from CORNISH. Figure 4 in Hoare et al. (2012).
the Wyoming Infrared Observatory (WIRO) and the Gemini Near-Infrared Spectrometer
(GNIRS), respectively.
1.2 Lyman Excess HII Regions
High-mass stars are distinguished by their high luminosities and powerful Lyman contin-
uum flux. In chapter 3 we investigate whether current models of high-mass stars can account
for the luminosity and ionizing photons observed in ultra-compact HII regions identified by
the Co-Ordinated Radio ’N’ Infrared Survey for High-mass star formation (CORNISH).
This program was conducted at the Karl Jansky Very Large Array (VLA) and surveyed the
northern GLIMPSE region at 5 GHz. The survey was tailored to search for compact ther-
mal sources such as ultra-compact HII regions (UCHII), which can only form in the presence
of high-mass stars, where they ionize the hydrogen that surround them. If an HII region
is compact, this is likely an indicator that the region is relatively young and that the OB
star(s) ionizing the surrounding cloud has not had time to push all the obscuring material
away. Free-free emission from electrons produce the 5 GHz radiation that is streaming from
these compact ionized hydrogen clouds, which is used to estimate the Lyman continuum
7flux for the high-mass star/star clusters powering the regions. We found that a sizable
fraction of these UCHII regions produce one to three dex more Lyman continuum photons
than what is expected for the type of star(s) believed to be ionizing the regions, regardless
of the stellar calibration that is used. We attempted to explain as many of these objects as
we can through different observational and astrophysical factors and find that a number of
these are in fact showing a real Lyman excess. This is perhaps due to wind line-blanketing
in an extended atmosphere, which may have important implications for stellar atmospheric
models of early B-type stars.
1.3 Star Formation in a Massive Molecular Cloud
CTB 102 is a massive HII region which we discuss in chapter 4. As HII regions evolve,
they expand into their surrounding environments and the radiation produced by the high-
mass stars have the potential to promote star formation. Ionization fronts driven into sur-
rounding material can trigger gravitational instability in nearby neutral material (Elmegreen
and Lada, 1977). This leads to multiple generations of star formation within close prox-
imity known as sequential star formation. High-mass stars can also disrupt star formation
in a molecular cloud by dispersing the material. In a region so large, and with such high
amounts of ionizing flux coming from CTB 102, it is likely that both formation and sup-
pression/disruption of formation are occuring within the molecular cloud. Using data from
WISE and 2MASS we are able to detect infrared sources in the molecular cloud that are
not visible at optical wavelengths because of obscuring gas and dust. Young stellar objects
(YSOs), are infrared bright from excess radiation due to the heating of gas and dust in
their circumstellar environments. The distinct YSO colors allow us to remove contaminant
sources such as background star-forming galaxies and active galactic nuclei (AGN). After
the contaminants are removed we can further classify the sources into class 0/I, class II,
transition disk objects, and class III YSO candidates. Class 0/I are the youngest evolution-
ary stage of YSO, where they still have an envelope of material infalling onto the central
8star and circumstellar accretion disk (see Figure 1.5). Classical T Tauri stars and Herbig
Ae/Be stars fall into the next evolutionary stage and would be considered class II YSOs,
where they no longer have an infalling envelope, but still have a circumstellar disk. Class III
sources are the most evolved, having little to no detectable disk and are indistinguishable
from field stars using their infrared colors alone. Transition disk objects likely bridge the
gap between class II and class III sources, where the disk is not completely dispersed and
still show a slight infrared signature.
Based on the infrared colors, we categorize the YSOs as classes rather than stage shown
in Figure 1.5. While the stage of formation and classification likely have a one-to-one corre-
spondence, the inclination of YSO can cause a discrepancy between the two. For example,
a stage II source viewed edge on could obscure the entire star and give it the appearance
of a class I object. We compared multiple methods of classification for these objects to
determine some of the uncertainties involved in classification. The methods used include
color-color cuts, SED fitting to YSO models, and infrared spectral index determination.
Determining the YSO population and classifications allow us to further study the star-
forming properties of the cloud such as the relative age, cluster mass, and star formation
efficiency. Star formation efficiency is a way to quantify how well a molecular cloud turns its
material into stars. To determine this quantity, the mass of the molecular cloud where the
stars are forming needs to be known as well as the total mass of the stars that are produced
within that cloud. Carbon monoxide (CO) is one of the most abundant molecules detected
by radio techniques and can be used to trace the column density of hydrogen, which we can
use to calculate the mass of a molecular cloud. We directly detect only intermediate-mass
YSOs due to the distance to the region. To estimate the correct stellar mass of the molecular
cloud, we accounted for the additional low-mass YSOs by using a Salpeter (1955) IMF and
extrapolate to the sub-solar regime. Our mass estimates for the CTB 102 molecular cloud
9Figure 1.5: Young stellar object SEDs and illustrations for their evolutionary stages. Each
image displays a typical SED, next an illustration of the star formation process associated
with it at the four canonical stages of star-formation. The SEDs also display relative flux
densities between the blackbody and infrared excess, as well as some infrared telescopes
that observe at these wavelengths. Note the extended λ scale of the stage 0 SED is used to
show emission into the sub-millimeter. Figure from Andre´ (2014)
are in the range of 104.8 − 105.0 M, and we find a SFE slightly higher than what is found
in a typical giant molecular cloud (GMC).
1.4 Star Formation in a Small Cometary Cloud
Incoming radiation from high-mass stars, even from large separations, can influence a
molecular clouds shape and stellar content. In chapter 5 we investigate a much smaller-scale
case of star formation, in an isolated cometary cloud, located on on the periphery of an OB
association. We find that the likely culprit sculpting this cloud is the Cep OB3 association,
located approximately 70 pc away from the head of the cloud. The presence of YSOs at
its center and the flattened appearance of the head at 12CO and infrared wavelengths bear
a striking resemblance to simulations of radiation-driven implosion by Bisbas et al. (2011).
In these simulations, relatively low ionization fluxes were seen to cause the front of the
cloud to develop a U-shape and a dense filament down the axis of symmetry. The central
IRAS source in the head of the cloud exhibits star-forming colors. Using higher resolution
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photometry, we determined the YSO population utilizing the classification methods that
were used to determine the population of CTB 102. We found that the central source
is a 1 M class I object, surrounded on either side by two 1 – 2 M class II objects. We
determined the mass of the head of the cloud is between 200 – 300 M. Using our estimated
cloud and stellar masses, we found a star formation efficiency of a few percent. We also
noticed that there appears to be a spatial distribution of star formation, where the candidate
transition disks are only found outside of the cometary head, between the cloud and the OB
association. This might suggest that these stars were left behind as the cloud was overrun
by the ionization front, and halting their accretion (Bisbas et al., 2011).
1.5 Looking to the Future
The final chapter summarizes the findings of all four studies, along with how the current
and next generation of telescopes can help provide solutions to our still lurking questions.
Data from Gaia can give us updated distances to star forming regions and allow us to
determine a new sample of high-mass stars in the search for remnant accretion disks. Ob-
servations of ultra-compact HII regions with ALMA could give valuable information about
the environments around high-mass stars before they even become visible in the infrared.
High precision photometry in the mid- to far-infrared with JWST or SOFIA would also help
in determining the circumstellar environments around young stars and aid in their classifica-
tion. As the Canadian Galactic Plane Survey (CGPS) produced a previously undiscovered
cometary cloud, high resolution 12CO and 13CO observations with the Taeduk Radio As-
tronomy Observatory (TRAO) could allow us to determine the properties of, and potentially
find more candidates of radiation-driven implosion.
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CHAPTER 2. DISKS AROUND YOUNG MASSIVE STARS
A portion of this study has been submitted to the Research Notes of the
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2.1 Introduction
Disks most likely play a crucial role in massive star formation as they provide a means for
material to accrete onto a growing protostar in the face of a harsh radiation and stellar wind
environment that would otherwise prevent inflow. The direct detection/imaging of disks
around such stars is problematic due to high levels of extinction associated with regions of
massive star formation and the rapid timescales involved. Though extensive efforts have
been made to detect these disks, definitive evidence for them does not extend beyond the
25 – 30 M , or 10
5 L regime (Beltra´n and de Wit, 2016; Ilee et al., 2013; Johnston et al.,
2015) and stellar mass estimates can be highly uncertain. As there is no a priori reason to
expect a cutoff at 30 M , it is likely that we are seeing the effect of the rareness of these
objects in both time and space. We designed a study to investigate remnant accretion disks
around O stars that have only recently emerged from their embedded phase of evolution.
Such objects are more common than embedded massive protostars due to the differences
in the relevant timescales. This means mass estimates based on spectral classification, are
more accurate as well. Finding signatures of a remnant accretion disk could lend more
support to the theory that massive stars do in fact form via disk accretion and that massive
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Table 2.1: Disk properties and timescales for high-mass stars
SpT log(Q0) log(M˙) rg tp tw tMS
s−1 Myr−1 AU 105 yr 105 yr 105 yr
O3 V 49.69 −5.375 459.5 0.6 0.7 3.8
O4 V 49.50 −5.599 377.4 0.8 1.1 6.9
O5 V 49.31 −5.805 301.4 0.9 1.8 11.7
O5.5 V 49.08 −6.072 251.4 1.1 3.3 14.7
O6.5 V 48.82 −6.369 205.4 1.3 6.5 22.0
O7.5 V 48.51 −6.674 169.4 1.7 13.3 34.9
O9 V 48.06 −7.038 141.4 2.5 30.7 72.4
O9.5 V 47.79 −7.252 128.7 3.3 50.1 91.0
O9.7 V 47.52 −7.445 118.0 4.2 78.8 100
B1 V 46.92 −7.913 98.7 7.3 233.5 160
protostars can be thought of as “Herbig Oe” stars – i.e., scaled up versions of the well known
Herbig Ae/Be pre-main sequence stars.
We investigated the massive stars responsible for the creation of molecular bubbles/young
HII regions seen as bright infrared ring-shaped structures along the Galactic plane (Church-
well et al., 2006). The fact that these massive stars have not yet cleared their surrounding
molecular material is evidence that they are still young, a few Myr in age at most (Whit-
worth, 1979; Leisawitz, 1990; Alexander et al., 2013). Models of disk dispersion by massive
stars (Hollenbach et al., 1994; Bik et al., 2006) with a strong stellar wind suggest that
disk dispersal occurs from the outside moving inwards. Figure 2.1 illustrates a strong stel-
lar wind blowing across the disk, generating ram pressure as it drags material across the
surface of the disk until it is outside the gravitational radius (rg), where it can begin to
evaporate off of the surface. However, the dominant flow of material off the surface ( ˙Mdw)
does not occur until a distance rw, at which point the wind ram pressure is equaled by
the thermal pressure from the ionized flow off of the disk. This suggests that the outer,
cooler portion of the disk (rd) is more easily photoevaporated off the edge of the disk, as
well as perpendicular to the disk for r > rw. The disk destruction timescales via photoe-
vaporation (tp) and stellar wind (tw) in Table 2.1 show that the interior portion of the disk
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Figure 2.1: Strong stellar wind model. A high-mass star with mass-loss via a stellar wind
(M˙w) with wind speed vw, surrounded by a circumstellar disk. See text for more details.
Figure 1 from Hollenbach et al. (1994).
have timescales nearly half that of the main sequence timescales for late O stars. This is
potentially long enough that a remnant disk can survive the embedded stage of the stars
evolution, suggesting that studies in the optical and infrared are more likely to detect a
remnant disk over millimeter/sub-millimeter.
The first three columns in Table 2.1 (table 7 in Bik et al. (2006)) show the spectral type,
ionizing flux, and mass-loss rate used to calculate the gravitational radius, disk destruction
via photoevaporation, and disk destruction via stellar wind, shown in columns 4, 5, and
6, respectively. The values were calculated by Bik et al. (2006), using equations from
Hollenbach et al. (1994). The final column shows an approximate main sequence lifetime
for the given spectral type.
2.2 Target Selection
In order to test the hypothesis that young, massive stars form with the presence of
accretion disks, we have to find them first. Bik et al. (2006) investigated IRAS sources
coincident with UCHII colors. These would be ideal because their small size can be an
indication of the youth of an HII region, since they have not yet had time to substantially
expand. Though, in such compact regions, it is difficult to study single stars using lower-
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resolution infrared surveys such as WISE. Also, individual observations of stars are virtually
impossible at optical wavelengths. A more appropriate place to start searching for massive
OB stars would be a less dense and more evolved compact or classical HII region. In
most cases there are many stars located towards the center of these HII regions/molecular
ring/bubbles that are actually visible. These are reasonable places to start when trying to
identify the ionizing source(s).
A method was developed by Watson et al. (2008) (hereafter W08) to classify O stars
based on their spectral energy distributions (SEDs). This technique matches source SEDs to
a grid of precomputed stellar photospheres from Kurucz (1993). The SED fitting tool uses
a χ2 fitting algorithm from Robitaille et al. (2007) that incorporates interstellar reddening
using the extinction model from Indebetouw et al. (2005). This allows us to fit reddened
stellar photosphere models to sources with multi-wavelength photometry. The fitting allows
the user to select a range of AV up to 40 magnitudes, as well as select a distance range to
the star.
In practice, we allow AV to vary from 0 – 40 mag. and the distance to vary by ±
∼ 10% with respect to the accepted distance of the HII region. The Robitaille et al. (2007)
SED fitter outputs the Kurucz (1993) models that are best-fit with the source SED for
a selected range of χ2 (χ2 − χ2best/ndata< 3, in our case), where ndata is the number of
photometric data points used for the fit. We chose a slightly higher χ2 acceptance value for
best-fit models compared with W08 (≤ 2) so that we fit more models to sources with larger
numbers of photometric data points. We keep this threshold for all sources for consistency.
The higher threshold does produce more models, but it does very little to affect the overall
outcome of the method. The addition of extra models has much less effect on the spectral
determination than an error in the distance.
In addition to the χ2 of the fit for each model, the program outputs the value of the
extinction used for the model, the effective temperature, and the model scale, log(D/R),
where D is in kpc and R is in R. If the distance to a star is known, we can use the scale to
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produce a Teff–R curve (W08). This curve is then compared with theoretical Teff–R values
to determine spectral type.
Alexander et al. (2013) also used this method to classify central stars in infrared bubbles
and found that the N74 and N75 regions (Churchwell et al., 2006) were each created by
O9.5 V stars. They also made estimates for the age of the bubbles created by the stars
based on the mechanical wind luminosity:
Lw = 0.5m˙wv
2
w, (2.1)
where m˙w is the mass loss rate and vw is the wind velocity and the wind luminosity Lw is
calculated in erg s−1. They then calculated the expansion radius as a function of time from
Weaver et al. (1977) using:
R = 27L0.2w n
−0.2
o t
0.6
6 pc, (2.2)
where Lw is caluclated using values from Marcolino et al. (2009), measured in units of 10
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erg s−1, no is the ambient ISM number density in units of 103 cm−3, and t6 is the time in
Myr. Expansion times were estimated for the bubbles surrounding the ionizing stars in N74
and N75 as between 0.4 – 0.8 Myr and 1.0 – 2.2 Myr, respectively (see Figure 2.2) using
typical densities of molecular clouds (103 − 104 cm−3). Even using a density of n = 105
cm−3, which is closer to the density of an IRDC, they still find that the ages of the N74 and
N75 bubbles would be approximately 2 and 4.5 Myr, respectively. All of these times are
smaller than the inner disk destruction timescale (tp) calculated by Bik et al. (2006) and
Hollenbach et al. (1994) for O9.5 V stars and in general, are smaller by a factor of a few.
To test this method ourselves, we visually inspected every Sharpless HII region for
bubble/ring structure using the GLIMPSE and WISE surveys and searched the literature
to see if the powering source(s) and distance to the region had been established. While
we found many regions of interest, many of the regions did not have consistent distance
estimates in the literature, which the W08 technique is fairly sensitive to. In some cases
the ionizing star was well determined and cataloged. For others, the spectral type in the
regions had been estimated and we established a sample of potential high-mass stars, by
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Figure 2.2: Expansion radius vs. age for the N74 and N75. Solid line shows the bubbles
assumed radii of 0.65 pc and 1.11 pc, respectively. Dotted line, dashed line, and dot-dashed
line represent densities of 103, 104, and 105 cm−3. Figure 6 from Alexander et al. (2013).
identifying them in the GLIMPSE (Benjamin et al., 2003), 2MASS (Skrutskie et al., 2006),
and WISE (Wright et al., 2010) archives. We determined the spectral type of a dozen
already classified stars believed to be the ionizing sources of the HII regions by utilizing the
W08 method. In Table 2.2 we show the spectral type as determined using the W08 method
along with the spectral type found in the literature.
To explore one example of this technique, consider the ionizing star for the Sharpless
region S141 (Figure 2.3). It is believed to have a spectral type of O8 V (Pineault and
Joncas, 2000), a distance of 8.34 ± 0.6 kpc, and AV = 4.46 mag. (Russeil et al., 2007).
Archival photometric data exists for the ionizing source with 2MASS J, H, and Ks as well
as WISE 3.4 and 4.6 µm bands, giving us five data points on the SED. Assuming a distance
between 7.7 and 8.9 kpc and allowing the interstellar extinction to vary from 0 to 40,
we receive the output in Table 2.3. We note that the min/max values do not necessarily
correspond to the same models, i.e., the model with χ2 = 15.26 does not necessarily have
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Table 2.2: Spectral types of stars found in Sharpless regions
Sharpless ID d (kpc) W08 SpT Accepted SpT Star ID or Ref.
3 1.34 O7 – 8 V O8 V CGO 439
89 2.6 B0 – 1 V B1 V Forbes (1989)
124 3.6 O8 – 9 V O7.5 V BD+49 3591
141 8.34 O7 V O8 V Pineault and Joncas (2000)
150 0.85 O3 III B0.5 Ib HD 213087
150 0.85 B0 – 1 V B0.5 V HD 213405
152 2.4 Early B O9 V Pismis and Hasse (1980)
153 4.7 O9 V O9 V Pismis and Hasse (1980)
158 1.8 O Ia O3 V Russeil et al. (2007)
166 2.5 O7 – 8 V O9.5 V BD+60 2607
170 2.6 O7 – 8 V O8 V DM+632 093
231 2.0 O8 – 9 V O9.5 V LSV+3524
a Due to the inherent shape of the best-fit models line, we can only classify the source
as an O I because it fits the range of models from O3 I to O9.5 I (see Figure 2.6).
Teff = 50000 K. While the range of the χ
2 goes up to 15.26, we note that the first 2000
best-fit models have χ2 < 0.5.
Table 2.3: SED model ranges for ionizing star in S141
Min Best Max
χ2 0.2898 0.2898 15.26
Teff 3500 K 9500 K 50000 K
AV 0 2.449 4.012
Scale −0.6126 −0.3042 0.05883
In Figure 2.4 we plot the best-fit models and see that the locus intersects the theoretical
O star models with an O7.5 V type, in very good agreement with an O8 V spectral classifi-
cation (Russeil et al., 2007). Though the spectral type found is not definitive, the ionizing
star(s) could instead be a red giant or a cooler, foreground and less reddened main-sequence
star. However, arguments can be made that we are in fact identifying the ionizing sources
of the HII regions based on geometry and the structure of the regions. S141 shows us a
good example of this, where the ionizing source is located very near the center of the bubble
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and is even showing mid-infrared excess at 22 µm, making it an ideal candidate. We can
make a similar argument in the N75 bubble, which is the most compact Churchwell et al.
(2006) bubble that we investigated. This means there is less chance for confusion, simply
due to the few number of stars within the region. In addition, the star is located nearer to
the edge of the bubble, potentially being the cause of the infrared bright rim. These are
the signposts that we look for when trying to identify the candidate ionizing sources within
these bubbles/HII regions.
1’ 15.58’ x 13.83’
N
E
Figure 2.3: RGB image of S141 in WISE 24, 4.6, and 3.4 µm with the ionizing source
2MASS 22283891+6137476 in the white crosshair.
In Figure 2.5 and Figure 2.6 we show how sensitive the W08 method is to changes in
distance. Figure 2.5 shows the the Teff–R plot for a distance of 0.85 kpc, where we find
that its closest spectral type is an O3 III. Figure 2.6 shows how changing the distance to
0.90 kpc shifts the locus of best-fit models to intersect with the tail of the O I models and
likely also matching with the accepted spectral type of a B0.5 Ib. We also note that as all
the acceptable model curves take the same shape, it is possible to find a source fitting both
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Figure 2.4: Teff vs. Radius for S141 region. The 3000+ acceptable models with the ionizing
source SED are shown as the red x’s. We also plot the theortical O star models from Martins
et al. (2005) showing the range of spectral type from O3 – O9.5, with O V-type stars on
the blue line, O III on the green line, and O I on the red line.
Figure 2.5: Teff vs. radius as in Figure 2.4 for HD 213087. The star is placed at distance
of 0.85 kpc.
20
Figure 2.6: As in Figure 2.5, but the star is placed at a distance of 0.90 kpc.
an early O V type or a late-mid O III type. This degeneracy can be solved by considering
the size of the region in question and the amount of ionizing flux required to produce the
the HII regions in which they are located (W08). If the region is fairly compact, it would
be less likely that the region is being powered by an O III type, as the region would be
relatively young and the star would not have had enough time to evolve.
We now have a method to search for O stars that we have a fair amount of confidence in,
so long as the distance to the source can be determined. We used this technique to match the
accepted spectral types of massive stars in Sharpless regions reasonably well. Knowing that
we can use this method, we visually inspected each of the northern hemisphere entries in the
Churchwell et al. (2006) catalog of bubbles and identified potential ionizing sources. We also
searched through the entire VES catalog (Coyne and MacConnell, 1983) to determine if any
of the emission line stars were associated with any molecular bubbles/HII regions. After
identifying the most likely candidates based on the signposts of ionizing stars described
previously, we search the literature to determine if the distance is known to the region.
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Table 2.4: O Star candidates
Bubble ID Star ID (BJM ID) J H Ks 3.6 µm 4.5 µm SpT
(2MASS ) (2MASS ) (2MASS ) (GLIMPSE) (GLIMPSE)
S104 VES 197 10.535 10.275 10.003 9.604 9.398 O6.5 – 7 V
N10 2MASS 18140630-1728337 (N10a) 12.236 11.290 10.841 10.548 10.624 O7.5 V
N10 2MASS 18140710-1729212 (N10b) 10.784 10.307 10.098 10.098 9.905 O6 V
N22 2MASS 18251808-1309427* (N22a) 10.293 9.770 9.472 9.294 9.233 O6 V
N22 2MASS 18251943-1311340 (N22b) 10.191 9.580 9.389 9.255 9.286 O6 – 7 V
N37 2MASS 18361862-0639098 (N37a) 10.168 9.622 9.341 9.486 9.527 O7 V
N37 2MASS 18362660-0640178* (N37b) 10.7 00 9.926 9.683 9.237 9.213 O9.5 V
N74 2MASS 19035684+0506370* (N74a) 11.210 10.350 10.011 9.828 9.665 O9.5 V
N75 2MASS 19034727+0509409* (N75a) 11.349 10.605 10.134 9.948 9.764 O9.5 V
KR140 VES 735a 9.205 8.630 8.368 8.240 8.130 O8.5 V
* Indicates that the star was observed with GNIRS
a The spectral type quoted in the table was determined using the W08 method for all of the sources with the exception of
VES 735, which was taken from Kerton et al. (1999).
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If the distance is known or can be estimated and the source has high quality photome-
try in at least four bands, we use the W08 method to check if the spectral type falls into
an O classification. After extensive searching, we assemble a modest catalog of our own
candidate OB stars along with several others found in the literature (see Table 2.4 and Ta-
ble 2.5) that also have bright enough magnitudes in V-band to perform optical spectroscopy
(subsection 2.3.1).
2.3 Optical Disk Signatures
Hα emission is known to be a tracer for circumstellar disks around both T Tauri and
Herbig Ae/Be stars (Herbig, 1962). Kerton et al. (1999) studied VES 735, the emission-line
star that they found was the exciting source for the surrounding HII region/bubble, KR 140.
They established an atlas of massive O stars of different spectral types in the range 4800
– 5420 A˚. Using the ratio He I λ4922:He II λ5411, they compare VES 735 with their atlas
to find that its spectral type is approximately O8.5 V. What they also found interesting
about the star was that VES 735 also showed double-peaked Hα emission; a trait more
commonly found in Be type stars, likely due to a rotating disk around the star (Conti and
Leep, 1974). They observed the Hα spectra of the star three times over the course of a
year and found that it was in continuous emission. They determined that the Hα peaks
were separated by approximately 400 km s−1, with some variability of the peak separation
and strength over the course of the year. They noted that this emission is similar to what
was seen in a well known example of an O(e) star, ζ Oph (Niemela¨ and Me´ndez, 1974).
However, the Hα emission from ζ Oph is sporadic, with outbursts of emission occurring for
only a few months at a time and years between episodes (Niemela¨ and Me´ndez, 1974). More
recent observations of VES 735 in 2013 and 2014 (Figure 2.7) show that it still exhibits Hα
emission, 18 years later.
23
Figure 2.7: Hα spectra for VES 735. Data taken between 1996 and 1997 at the Dominion
Astrophysical Observatory and David Dunlap Observatory (Kerton et al. (1999)). Fluxes
have been normalized to unity.
Figure 2.8: Hα spectral for VES 735. Data taken between 2013 and 2014 at the Wyoming
Infrared Observatory. Fluxes have been normalized to unity.
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2.3.1 WIRO Optical Spectroscopy
Since it is also not uncommon for more evolved massive stars to undergo episodic mass-
loss events, we designed a study to monitor the short and long-term variability of these stars
at the Wyoming Infrared Observatory (WIRO) to constrain the origin of the circumstellar
material. The WIRO long slit spectrograph gives a coverage range from 5350 – 6650 A˚ and
is sensitive to approximately V = 15 mag. stars for reasonable integration times (∼600s),
with fainter stars possible in ideal conditions (Monson, 2006). We collected data in March
and August of 2016 for all of the sources in Table 2.4 with the exception of VES 735 and
N75a, both of which however had been observed at WIRO previously (see Figure 2.8, and
Figure 2.20).
2.4 Infrared Disk Signatures
Timescales for the destruction of the disks around O stars calculated by Hollenbach et al.
(1994) and Bik et al. (2006) show that the outer, cooler edge of the disk is photoevaporated
much more quickly than the inner regions of the disk. The inner, warmer regions make IR
spectroscopy an excellent method to probe the disk rather than mm/submm observations,
as the dispersal process from the stellar wind have significantly longer timescales (see Ta-
ble 2.1). The use of K-band spectroscopy to examine circumstellar disks is well established.
The regions in Bik et al. (2006) are much more compact and have more infrared extinc-
tion than the Churchwell et al. (2006) bubbles, making the stars within them much more
difficult to identify and thus not ideal for identifying the O stars as we did in section 2.2.
Nevertheless, Bik et al. (2006) used K-band spectroscopy to study the exciting stars of
ultra-compact HII regions, finding a number of high-density gas indicators (CO bandhead
emission, Brγ emission, and Pfund-line emission, see Figure 2.9), which they modeled as
arising from different locations in the circumstellar disks.
CO first-overtone emission is suggestive of a circumstellar disk due to the fact that this
transition only occurs at high density (1010 – 1011 cm−3) and high temperature (2000 –
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4000 K) (Bik et al., 2006). Pfund lines (Pf) (hydrogen transition n → n′ = 5) found in
sources in their sample also probe high-density material. At least one of the Pf lines also
show double-peaked profile, indicative of a disk structure. These lines cannot be formed
in the same region as the CO bandhead because the Pf lines form in ionized gas where
the temperature would be too hot for CO molecules to exist. This suggests that Pf lines
originate in the ionized upper layers of the disk, while the CO is in the neutral mid-plane
of the disk (Bik et al., 2006). While these two lines are not very common amongst their
sample, they did find Brγ emission (hydrogen transition n = 7 → 4) in each of the their
stars and suggest that the formation of the line could be similar between all of the sources
and be produced in the upper layers of the circumstellar disk. They also noted that the
Brγ line widths suggest that the emission does not come from the HII region itself because
the sound speed for UCHII regions is too low (∼ 20 km s−1). They also determined that
a bipolar outflow is not likely the cause of the emission because the FWHM of Brγ would
be similar to the other spectral lines produced in these flows, which was not the case (Bik
et al., 2006). To account for the 100 – 220 km s−1 FWHM, they found the most likely
explanation was that the Brγ line originates in an ionized disk wind.
Hoffmeister et al. (2006) found both emission and absorption of CO bandheads in young
high-mass stars. They suggested that stars with CO absorption spectra have higher mass-
accretion rates than sources with CO in emission, as also seen and discussed for FU Orionis
objects (Hartmann et al., 2004). Bik et al. (2006) also found one source that shows CO
bandhead absorption, where they suggested that the object is deeply embedded and that
the line shape of the bandhead is naturally explained by a Keplarian rotating disk. More
recently, Ilee et al. (2013) observed a large sample of massive young stellar objects selected
from the Red MSX Source database (Lumsden et al., 2002) with CO bandheads in emission.
They also found that the spectra are all well fit by a Keplarian rotation disk.
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Figure 2.9: Normalised K-band spectra of candidate massive YSOs from Bik et al. (2006).
CO first-overtone emission is detected in five objects. Pfund and CO emission lines are seen
in both 16164nr3636 and 18006nr766. Brγ lines are shown boxed in black, CO bandhead
emission features are marked by red arrows, and Pfund lines are marked by blue arrows.
Figure 2 from Bik et al. (2006)
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2.4.1 Gemini Infrared Spectroscopy
To compliment the Hα spectra taken from WIRO and to develope a more complete pic-
ture of the circumstellar envrionment of massive O stars, we concurrently applied for and
received time at the Gemini Observatory with the Gemini Near-InfraRed Spectrograph
(GNIRS; Elias et al. (2006)). We received time as part of their Fast Turnaround mode as
this was a pilot study to test the feasibility of disk detection of young O stars in bubble/HII
regions for five stars that are also in our WIRO sample (Table 2.4). As seen in Bik et al.
(2006), there are multiple spectral lines in the K-band which can tell us about the circum-
stellar environment, making the GNIRS instrument an ideal tool to study the spectra from
0.9 – 2.5 µm. Data was collected on the nights of October 12, 16, and 17, 2016 (program
ID: GN-2016B-FT-17) in the long slit spectroscopy mode observing in the K-band centered
at 2.19 µm, with the 31.7 l/mm grating and a slit width of 0.30′′ (R∼1700).
We utilized the GNIRS longslit reduction pipeline and the standard IRAF tasks to
perform the data reduction on our sample of stars. In Figure 2.10 we see the spectra for
each of our five sources believed to be powering their respective bubble/HII regions. We can
see that the ends of each of the spectra (λ . 21000A˚, λ & 24000A˚) are dominated by telluric
absorption lines. A0 V standards were observed in order to model the atmospheric features
that would be observed in our sample. However, we were unable to obtain a usable telluric
model and thus were not able to subtract these features from our sample. Fortunately, we
are still able to find a few interesting features in two of our sources. In the following section
we will detail our findings from the GNIRS and WIRO observations of our sample of O
stars.
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Figure 2.10: K-band spectra from GNIRS. From top to bottom: VES 735, N75a, N22a,
N37b, N74a. The arrow on the spectra of VES 735 points to the Brγ emission, while the
arrows on N37b point to the CO bandheads.
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Table 2.5: Assumed sizes and distances to sample HII regions
HII Region d (kpc) r (arcmin) R (pc)
KR 140 2.0 4.15 4.8
S104 4.0 4.75 2.8
N10 4.6 1.35 1.8
N22 3.4 1.90 1.8
N37 3.3/2.0 2.02 1.9/1.2
N74 2.7 1.61 1.3
N75 2.7 0.85 0.7
2.5 O Star Summary
2.5.1 Sharpless 104
VES 197 This O star candidate was cataloged in a survey for Hα emission objects
in the Milky Way (Coyne et al., 1975) and is also coincident with the HII region S104.
Deharveng et al. (2003) found that the HII region is at a distance 4.0 ± 0.5 kpc, with an
O6 V star at the center as the ionizing source. They also proposed that the knot of bright
infrared emission on the periphery of the bubble seen in Figure 2.11 is an ideal illustration
of the collect and collapse model. This is a process of triggered star formation, stemming
from the expansion of the HII region due to the ionizing O star.
Using the method from W08 (see section 2.2), we fit 3277 SED models at the accepted
distance of 4.0 kpc. We found that the Teff–R locus for the best-fit models matches with an
O6.5 V type star (Figure 2.12), in good agreement with Deharveng et al. (2010). VES 197
may be another candidate for long-lived Hα emission, as observations of VES 197 on May 12
and 15, 2016 at WIRO show that it still had Hα emission. We found that the Hα emission
was very strong and double peaked (Figure 2.13), showing a separation of approximately
3.2 A˚. We also found that the red-shifted peak is slightly stronger on both days the star
was observed, with a variation in the peak strength of . 0.5% over the span of 4 days. The
peak separation is smaller than that of VES 735 (≈ 10 – 15 A˚) as seen in Figure 2.7, but
this is likely due to the inclination of the star-disk system.
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Figure 2.11: RGB image of S104. Colors shown in IRAC 3.6 µm (blue), IRAC 4.5 µm
(green), and in WISE 12.0 µm (red), with VES 197 shown at the center of the black
crosshair.
Figure 2.12: Teff vs. radius for VES 197, as in Figure 2.4.
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Figure 2.13: WIRO optical spectra from ∼5400 – 6750 A˚ for VES 197. Inset shows just the
Hα emission peak for two separate dates, 05/21/2016 (left) and 05/25/2016 (right). Hα
emission can be seen at approximately 6562 A˚.
VES 197 is reminiscent of VES 735, as they both have long-lived Hα emission and
are believed to the be the ionizing sources of fairly circular, closed, and classical sized HII
regions/ring structures with radii of approximately 5 and 2.75 pc, respectively.
2.5.2 N10
N10a Watson et al. (2008) identified this source as IN10-1, an O7.5 V type star
at a distance for 4.9 ± 0.5 kpc (Churchwell et al. (2006) and references within). They
made this determination using their technique described in section 2.2, so we do not repeat
this SED fitting to determine the spectral type. Using a kinematic distance calculator
from Reid et al. (2016), we actually determine a closer distance of 4.6 ± 0.23 kpc, assuming
V LSR = +54.1 km s
−1 based on radio recombination line observations from Lockman (1989).
This new distance directly impacts the spectral type determined using the W08 method,
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Figure 2.14: RGB image of N10 bubble. Colors correspond to IRAC 3.6 µm (blue), in
IRAC 4.5 µm (green), in IRAC 8.0 µm (red). The central black crosshair is centered on
N10a, with N10b below. The bubbles’ outer rim semi-major axis and semi-minor axis are
1.75′ and 1.04′, respectively (Churchwell et al., 2006)
in this case changing the spectral type to ∼O8.5 V. The star was observed at WIRO on
August 20, 2016 but does not show Hα emission. N10a was not observed with GNIRS.
N10b Watson et al. (2008) identifies this source as IN10-3, an O6 V type star at
4.9 ± 0.5 kpc. As with N10a, we do not repeat the method for spectral typing, however
the recalculated kinematic distance changes the spectral type to ∼O7 V. The star was also
observed at WIRO on August 20, 2016, and does not show Hα in emission. N10b was also
not observed with GNIRS.
2.5.3 N22
N22a This star appears to be associated with a bow shock feature north of the
star within the N22 bubble (Figure 2.15). The bubble also shows a bright rim of infrared
emission on the edge of the bubble in the same direction as the bow shock, which could be
another instance of triggered star formation via collect and collapse caused by the central
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Figure 2.15: RGB image of N22. Colors shown in IRAC 3.6 µm (blue), in IRAC 4.5 µm
(green), and in WISE 12.0 µm (red). N22a shown at the center of the image in the black
crosshair, N22b shown towards the bottom in the white crosshair. The bubbles’ outer rim
semi-major axis and semi-minor axis are 2.21′ and 1.64′, respectively (Churchwell et al.,
2006).
Figure 2.16: Teff vs. radius for N22a, as in Figure 2.4.
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ionizing source. We determine the kinematic distance using the calculator from Reid et al.
(2016) as 3.4 ± 0.2 kpc, assuming V LSR = +50.9 km s−1 based on radio recombination
line observations from Anderson and Bania (2009). We estimated the spectral type to be
O6.5 – 7 V using the technique W08 (see Figure 2.16). The star was observed at WIRO
on August 20, 2016 but did not show Hα emission. N22a was observed with GNIRS on
October 17, 2016. Figure 2.10 shows the K-band spectra for N22a, but we did not find any
high density indicators.
Table 2.6: SED model ranges for N22a
Min Best Max
χ2 0.1473 0.1473 14.71
Teff 3500 K 23000 K 50000 K
AV 0 5.4 5.838
Scale −1.07 −0.576 −0.384
N22b This star is found towards the bottom rim of the N22 bubble shown in Fig-
ure 2.15. We use the same distance as the other ionizing star candidate in the region and
again use the W08 method to determine spectral type, also suggesting it is an O6.5 – 7 V
type. The star was observed at WIRO on August 20, 2016 but does not show Hα emission,
and in fact the lack of He I λ5876 absorption from WIRO spectra actually suggest that it
is not an early type star. For these reasons, N22b was not observed with GNIRS.
2.5.4 N37
N37a We find this star located in the right lobe of the N37 molecular bubble shown
in Figure 2.17. Watson et al. (2010) gives a distance to the bubble as 3.3 kpc, however using
the Reid et al. (2016) distance calculator we find a distance of 2.06 ± 0.28 kpc, assuming
V LSR = +50.9 km s
−1 based on radio recombination line observations from Anderson and
Bania (2009). The distance disparity between these two gives an appreciable difference to
the spectral type of this star shown in Figure 2.18. Depending on the real distance, we find
it could be either an early B star (B0 – 1 V) or a mid type O star (O7 – 6 V). The star was
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Figure 2.17: RGB image of N37. IRAC 3.6 µm (blue), in IRAC 4.5 µm (green), and in
IRAC 8.0 µm (red). N37a shown on the on the right in the black crosshair, N37b on the
left in the white crosshair. The bubbles’ outer rim semi-major axis and semi-minor axis are
2.73′ and 1.49′, respectively (Churchwell et al., 2006).
Figure 2.18: Teff vs. radius for N37a and N37b as in Figure 2.4. Locus 2 and 4 show N37a
and locus 1 and 3 show N37b, for different distances.
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observed at WIRO on August 20, 2016 but does not show Hα emission and again, the lack
of He I λ5876 absorption from WIRO spectra actually suggest that it is not an early type
star. For these reasons, N37a was not observed with GNIRS.
Table 2.7: SED model ranges for N37b
Min Best Max
χ2 0.447 0.446 13.49
Teff 3500 K 5700 K 50000 K
AV 0 2.35 5.47
Scale −1.07 −0.845 −0.392
N37b This star is located in the left lobe of the N37 bubble (Figure 2.17) and we
again assume that it is located at the same distance as the other ionizing star candidate in
the region. The effect of the distance disparity is shown in Figure 2.18. The star could be
either an early B or O7 V star, depending on the correct distance. The star was observed
at WIRO on August 20, 2016 but does not show Hα emission. N37b was observed with
GNIRS on October 12, 2016. Figure 2.10 shows the K-band spectra for N37b, where we
actually are seeing one of the aforementioned high density indicators. The candidate O star
does appear to show CO bandhead absorption at ∼ 22950, 23250, 23550, 23825 A˚, among
two telluric absorption features at 23170 and 23710 A˚, and is the only star that shows any
sign of CO bandhead feature.
2.5.5 N74 and N75
N74a and N75a Alexander et al. (2013) identifies both of these stars as O9.5 V in
their respective bubbles using the method from W08, with a distance of 2.7 kpc for both.
Their models for HII region expansion suggest that the N74 bubble is likely older than the
N75 based on their radii (see Figure 2.2). The N75 bubble has bright infrared emission
along the northern rim, a potential site for future star formation. Figure 2.19 show that the
sources N74a and N75a display Hα absorption and double peaked emission, respectively.
N74a was observed again at WIRO on August 20, 2016, still showing Hα in absorption.
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Figure 2.19: RGB image of N74 and N75. Bubbles seen in IRAC 3.6 µm (blue), in IRAC
4.5 µm (green), and in IRAC 8.0 µm (red). N74a shown on the left in and N75a on the
right in the white crosshairs. The N74 bubbles’ outer rim semi-major axis and semi-minor
axis are 1.79′ and 1.44′, respectively, where the size of N75 is 0.93′ and 0.77′ (Churchwell
et al., 2006).
Figure 2.20: WIRO spectra of the ionizing stars from the bubbles N74 (top) and N75
(bottom). Diffuse Interstellar Bands are identified at the bottom. Figure 3 from Vargas
Alvarez and Kobulnicky (2013).
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N74a and N75a were both observed with GNIRS on October 17 and 12, 2016, respectively.
Figure 2.10 shows the K-band spectra for both of these stars, however neither star show
any of the high density tracers in their spectra.
2.5.6 KR 140
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Figure 2.21: RGB image of KR 140. VES 375 and associated bubble seen in WISE 3.4 µm
(blue), in WISE 4.6 µm (green), and in WISE 22.0 µm (red).
VES 735 The star VES 735 was cataloged in a survey for Hα emission objects in
the Milky Way (Coyne and MacConnell, 1983) and is also coincident with the HII region
KR 140 (Kallas and Reich (1980)). Kerton et al. (1999) classified VES 735 as an O8.5 V
star, determining that the velocity of the HII region is −46 ± 2.1 km s−1. The distance
calculator from Reid et al. (2016) give us a distance of 1.98 ± 0.04 kpc based on the velocity
and position in the Milky Way. The W08 method give us a slightly earlier spectral type
of O6 V. This source has shown Hα emission for at least 30 years, and long term double-
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Figure 2.22: Teff vs. radius for VES 735 as in Figure 2.4.
peaked emission of Hα for at least 15, continuing through at least 2014 when observed at
WIRO. VES 735 was observed with GNIRS on October 16, 2016. Already a likely candidate
for a circumstellar disk from its double peaked Hα, VES 735 also shows Brγ emission at
∼21650A˚, which is believed to originate in the ionized upper layers of a circumstellar disk.
2.6 Future Work
We find ourselves with a number of interesting sources, but with our limited number of
observations it is not possible make any definite determinations about their circumstellar
environments. VES 197 has displayed Hα emission at least in 1975 and 2016, but it is unclear
whether this is long-lived emission or episodic as in ζ Oph, but further, more regularly spaced
observations could help determine this. Due to the nature of the fast turnaround program
and when the time was allocated, VES 197 was unfortunately not observed with GNIRS.
Given its similarity to VES 735, it would be interesting to see if it also displays any of the
K-band high density indicators. Also interestingly, N75a shows double peaked Hα as seen
with WIRO in 2013, but does not show any high density indicators when observed with
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GNIRS. We feel its Hα profile definitely deserves future attention to see if the emission is
sporadic or long-lived. However its faint V-band magnitude make it only accessible with
ideal weather conditions at WIRO. N37b was the only object to show any CO bandhead
features, which make it an interesting source, worthy of future observations.
We should also note that there are many other bubbles/HII regions in the Churchwell
et al. (2007) and Churchwell et al. (2006) catalogs that we did not examine; primarily located
in the southern hemisphere. There are also many other Sharpless regions that have been
studied in the literature, where spectral types have already been estimated or determined
where we could search for remnant accretion disks.
The results of this study are in preparation for submission to Research Notes of the
American Astronomical Society, focusing on the star VES 735.
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CHAPTER 3. A REFINED SAMPLE OF LYMAN EXCESS HII
REGIONS
This work is modified from a paper published in The Monthly Notices of the
Royal Astronomical Society.
Brandon Marshall1 & C. R. Kerton1
1Department of Physics & Astronomy, Iowa State University, 2323 Osborn
Dr., Ames IA 50011, USA
3.1 Introduction
Massive, OB-type stars are distinguished by their high luminosities, typically > 104 L,
and extensive Lyman continuum (LyC) flux. In spite of being the focus of much theoretical
and observational research, the processes involved in the formation of these stars are still
not well established (Zinnecker and Yorke, 2007; Motte et al., 2017). OB-type stars are
often associated with HII regions, where the ultraviolet (UV) emission from the star has
ionized the surrounding interstellar medium (ISM).
A large number of compact and ultra-compact HII regions were observed and cataloged
in the Coordinated Radio and Infrared Survey for High-Mass Star Formation (CORNISH
(Hoare et al., 2012; Purcell et al., 2013). Such regions are of particular interest for studies
of massive star formation as they represent a fairly early stage in the evolution of the
OB star and the surrounding HII region. Intriguingly, a sizable fraction of the HII regions
in the CORNISH study are apparently being powered by stars that have a LyC photon
rate or “flux” (NLy) much larger than expected for the observed luminosity of the region
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(Cesaroni et al., 2015). The excess NLy is particularly problematic as it is most likely a
lower-limit since it is derived from radio observations assuming optically-thin emission and
an order unity ionized gas covering factor (Matsakis et al., 1976; Kerton et al., 1999). These
“Lyman Excess Regions” (LERs) occupy an apparently forbidden region on a plot of NLy
versus luminosity (an NLy-L plot hereafter; see Figure 3.1).
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Figure 3.1: Lyman continuum flux versus recalculated luminosities using flux densities from
C15 for our initial sample of 67 LERs. The red curve corresponds to the NLy, (L/L) values
for single OB-type stars in the Panagia (1973) calibration. For reference, the black dashed
lines indicate the NLy for a range of main sequence spectral types. The area between the
red and solid black curve is where 90% of stellar clusters simulated by C15 are located. The
green line shows how a source would be displaced if the distance to that source changes by
a factor of two. We note that 14 sources have been removed from the forbidden region after
the recalculation.
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To understand LERs, we need to either account for an additional source of ionizing
photons, or we need to explain why NLy and luminosity have been overestimated or un-
derestimated, respectively. There are a number of potential astrophysical origins for the
Lyman-excess phenomenon (LEP) including emission from accretion shocks, Balmer con-
tinuum ionization, and enhanced LyC emission from the stellar photosphere. Unfortunately
there are also a number of more prosaic astrophysical and observational factors (e.g., non-
uniform covering factor, incorrect distance, incorrect photometry) that can cause a normal
HII region appear as a LER.
Our main goal is to identify a subset of the CORNISH HII regions that are bona fide
LERs, i.e., regions where we can find no reasonable way to adjust the calculated NLy and
luminosity such that they are consistent with values expected for regular HII regions. The
physical properties (size, luminosity, density) of this refined sample will help us better
understand the astrophysics underlying the LEP. The subset will also provide a list of
potential targets for individual detailed studies, and act as a high-quality sample that can
be used as the basis of comparative studies with other HII regions.
In section 3.2 we describe the initial sample of HII regions that are potentially LERs.
In section 3.3 we investigate the effect of various factors on the LERs classification, and
isolate a sample of HII regions that can definitely be identified as LERs. We discuss the
properties of the refined sample, and explore multiple potential astrophysical origins of the
LEP in section 3.4. Conclusions follow in section 3.5.
3.2 Sample
The initial sample consists of the 67 HII regions that were identified by C15 as having
an excess of LyC photons for a given luminosity, out of the total 200 regions. Each of
these sources has been identified in the CORNISH catalog as being either a compact or
ultra-compact HII region. The sources have NLy values consistent with main sequence
spectral types ranging from approximately B1 to earlier than O6 for both the Panagia
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(1973) calibration (hereafter PAN73) and the more recent Conti et al. (2008) calibration.
The remaining HII regions cataloged in C15 already do not lie in the forbidden region of
the NLy-L plot, and we do not consider them in detail any further.
3.3 Analysis
In the following subsections we describe various ways that the NLy and luminosity values
for our sample can be reasonably modified. Some of these actions result in objects that
were LERs moving into the allowed region of the NLy-L plot thus removing them from our
final sample (see Table 3.1 and Table 3.2).
3.3.1 Luminosity Recalculation
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Figure 3.2: Source 22 SED. The blue line shows source 22 from C15 from 21 µm to 1100 µm.
The area contained within the black boxes show the flux determined between consecutive
wavelengths used to calculate the luminosity of the source.
We attempted to recalculate the luminosities from C15, by numerically integrating each
spectral energy distribution (SED) between 21 and 500 µm using linear interpolation be-
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Figure 3.3: Source 22 SED. Similar to Figure 3.2, but using a method where the boundaries
for the boxes are based on the midpoint between consecutive wavelengths.
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Figure 3.4: Source 22 SED. Similar to Figure 3.2 and Figure 3.3, but strictly following a
linear slope between each flux density at their respective wavelength.
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Table 3.1: LER removal summary using C15 photometry.
log10(NLy): 46 – 47 47 – 48 48 – 49 49 – 50 Total
C15 Distance 11 24 28 2 67
Recalculated L 0 4 9 1 14
fc = 0.8 0 12 11 1 24
fc = 0.5 6 18 13 2 39
Daviesb 0 8 10 2 20
fc = 0.8 0 13 12 2 27
MK18 Distance 14 22 28 1 67
New Distance Only 0 0 2 0 2
Recalculated L 0 6 11 0 17
fc = 0.8 1 8 14 0 23
fc = 0.5 4 14 14 1 33
Davies 0 6 13 1 20
fc = 0.8 1 10 15 1 27
tween the flux densities given in C15. In our attempt to match C15, we chose three different
integration techniques on the source SEDs. Shown in Figure 3.2 and Figure 3.3, we summed
the values of the black boxes, the peaks of which were defined by each SED, but we find
both of these methods tend to slightly underestimate the C15 luminosity. We find that
the method shown in Figure 3.4 came the closest, by summing precisely under the curve,
however it slightly overestimates their luminosities. We adopt this method as this makes
the Lyman excess less of a problem, since this increased the luminosity for each source by
21% on average. This alone was enough to to move 14 sources of the 67 out of the forbidden
region as shown in Figure 3.1. This can also be seen in Table 3.1 where we break down the
number of sources that exit the forbidden region by their NLy value.
Table 3.1 shows the number of original LERs in the first row, binned in log10(NLy), with
the following rows displaying how many sources are removed from the forbidden region
of the NLy-L plot for the given parameter change. Table 3.2 also shows a summary of
the removed LERs from the sample, but using newly calculated (MK18) photometry (see
subsection 3.3.3). We note that in both tables, the total number of sources includes two
regions that have NLy = 10
45 − 1046, but are not included on the table since they remain
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Table 3.2: LER removal summary using MK18 photometry.
log10(NLy): 46 – 47 47 – 48 48 – 49 49 – 50 Total
C15 Distance 6 15 16 2 41
New Photometry 0 2 7 1 10
fc = 0.8 0 7 9 1 17
fc = 0.5 0 9 11 2 22
Davies 0 3 7 2 12
fc = 0.8 0 7 9 2 18
MK18 Distance 8 12 18 1 41
New Photometry 0 2 9 0 11
fc = 0.8 0 4 11 0 15
fc = 0.5 1 6 13 1 21
Davies 0 3 11 1 15
fc = 0.8 0 4 12 1 17
LERs for all recalculations. In addition, Table 3.2 does not include sources deemed as
medium or low-quality photometry. In each table we also include comparisons of the sources
to the Davies et al. (2011) stellar parameters.
C15 also recalculated luminosities for sources that were coincident (< 2′) with IRAS
sources, finding that the increase was far too large and not as reliable as the Herschel data.
For LERs that had coincident IRAS sources, we also calculated the luminosities, using the
technique from Emerson (1988) and flux densities from the IRAS Point Source Catalog. We
also performed our own photometry as described in subsection 3.3.3 on a number of IRAS
HIRES images that we considered to be in a region where we can perform high quality
photometry with little confusion. The IRAS HIRES images are much lower resolution than
Herschel and Figure 3.5 shows that calculating the luminosity using IRAS photometry shifts
over half of the sources into the allowed region on the NLy-L plot. However, approximately
25% of the LERs are now too bright, shifted to the other side the simulated cluster region
and roughly another 25% still remain in the forbidden region. We also tested the non-
Lyman excess sources with corresponding IRAS counterparts (see Figure 3.6). We again
find that calculations using IRAS flux densities make > 50% of the UCHII regions too
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Figure 3.5: Lyman continuum flux for IRAS counterparts as in Figure 3.1. Blue dots cor-
respond to newly calculated luminosities from IRAS flux densities and red dots correspond
to our own photometry using IRAS HIRES images.
Figure 3.6: Lyman continuum flux for non-LERs IRAS counterparts as in Figure 3.5.
Blue dots correspond to newly calculated luminosities from IRAS flux densities and yellow
correspond to the original luminosity calculation from C15.
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bright, including both regular HII regions and LERs. This result illustrates the importance
of having the high resolution Herschel data for accurate luminosity measurements.
3.3.2 Distance
We also examined the consequence of changing the distance, which simultaneously affects
both calculated estimates of the luminosity of the source as well as the LyC flux (e.g., see
the green diagonal line in Figure 3.1).
Kinematic distances were recalculated using the Bayesian distance calculator from Reid
et al. (2016). This calculator combines a traditional Galactic rotation model with a spiral
structure model based on CO observations and trigonometric parallax distances to masers
associated with massive star-forming regions. For young objects associated with spiral arms
the derived distances are likely superior to those found using a kinematic model with no
adjustments made for spiral structure. Radial velocities (V LSR) for all of the LERs exist in
the literature (Anderson et al., 2014; Urquhart et al., 2013; Shirley et al., 2013; Anderson
et al., 2012; Anderson and Bania, 2009). We determined new distances to each source using
no near/far kinematic bias, resulting in a number of distance discrepancies between these
and C15 values (Figure 3.7). The discrepancies between the C15 distances and those found
using the calculator from Reid et al. (2016) are primarily a near/far solution difference.
We use these distances to recalculate the sources position on the NLy-L plot (Figure 3.8).
We see that in most cases, the NLy excess becomes much worse and only in a few cases
solve the excess problem. Instead, we adopt the same near/far kinematic solution as found
in C15, for the sources with large distance ambiguities to determine a new set of distances
using a near/far weight in the Reid et al. (2016) calculator. We use these distances for
the rest of the study (shown in Figure 3.9), and refer to these recalculated values as MK18
distances throughout the paper.
To clarify the procedure, we will follow one source through the entire process thus far.
Source 7, like every other source, began as an LER, with L = ∼ 103 and NLy = 4 × 1045.
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Figure 3.7: A comparison of distances found using the calculator from Reid et al. (2016)
with no near/far ambiguity influence versus the distance given in C15. Orange sources refer
to our ideal sample of LERs to be defined in Table 3.4.
When we recalculated the luminosity, it only increases a small amount (L = ∼ 103.1), and
with no change to the NLy, the source remained an LER. When we determined a new
distance with no near/far confirmation bias, we found that the source moved from 2.7 to
14.5 kpc. This caused the source to increase in both L (∼ 104.44) and NLy (∼ 1047), and
was no longer in the forbidden region. However, when we used the same near/far solution
as C15, we found a distance of 3.05 kpc, moving the source moved back into the forbidden
region, once again an LER.
Using the luminosities and NLy from C15, we first only rescaled their values using the
MK18 distances, which caused only two sources to move out of the excess region seen in
Figure 3.10. When using our newly calculated luminosities (see subsection 3.3.1) and the
MK18 distances, an additional 15 sources move from the excess to the cluster region shown
in Figure 3.11.
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Figure 3.8: Lyman continuum flux of the 67 LERs, as in Figure 3.1, with luminosities
and NLy recalculated using the unbiased distances found using calculator from Reid et al.
(2016). Yellow and blue sources correspond to the C15 values and the values using the
unbiased distances calculated from Reid et al. (2016), respectively, connected with their
corresponding counterpart with a dotted line.
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Figure 3.9: A comparison of distances found using the calculator from Reid et al. (2016)
using the C15 near/far solution. Orange sources refer to our ideal sample of LERs to be
defined in Table 3.4.
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Figure 3.10: Lyman continuum flux of the 67 LERs, as in Figure 3.1. Luminosities and NLy
scaled using the distances found from Reid et al. (2016) using the C15 near/far solution.
Yellow and blue sources correspond to the C15 values and the values using distances found
from Reid et al. (2016), respectively.
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Figure 3.11: Lyman continuum flux of the 67 LERs, as inFigure 3.1. Luminosities and NLy
scaled using the distances found from Reid et al. (2016) using the C15 near/far solution as
well as the new calculated luminosities described in subsection 3.3.1.
3.3.3 Photometry
Obtaining accurate infrared photometry of extended objects in the Galactic plane is
challenging. Confusion from unrelated compact and extended sources can be a problem,
especially at longer wavelengths due to decreasing resolution, and background estimation
can be difficult due to interstellar medium structure. For this reason we performed our
own aperture photometry on each source using the 70, 160, 250, 350, and 500 µm Herschel
images (see Table 3.3). We further categorized the source photometry into high, medium,
and low confidence subcategories, based on source isolation and the potential for confusion
when performing the photometry. The 70, 160, and 250 µm source images from Herschel
formed the basis of our confidence determination.
For each of the 67 sources we positioned and adjusted the size of an elliptical aperture
manually. An average background was then calculated using an elliptical annulus surround-
ing the source aperture. At the scale of our sources, fluctuations in the ISM background
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were minimal, and the background determined in this manner was judged to be appropriate.
To explore this more, photometry was done on a subset of the sources using the imview
program (Higgs et al., 1997). This program creates a background surface (twisted-plane or
twisted-quadratic) that is matched to user-selected points surrounding the source of inter-
est. It is ideal for photometry of extended surfaces located on a background gradient or
within highly structured background emission. We found that differences in the individual
band flux densities never exceeded 10%, and there were no major differences between the
luminosities calculated using the two photometry techniques. We recalculated the lumi-
nosity of all of the LERs in our initial sample using both C15 and MK18 distances. Error
estimates for the luminosities were obtained via a Monte Carlo approach using a conserva-
tive 10% error in each of the Herschel bands, which when applied after adjusting all other
parameters, had no effect in removing additional sources from consideration.
Of the 67 LERs, we have high confidence in our photometry for 41 of the regions due
to their isolation and compact structure. There are 14 regions that were less isolated and
have a potential for confusion. These were tagged as medium confidence regions. Finally, 12
regions lay within more complex regions and were categorized as low confidence regions. We
removed the 26 sources with medium/low confidence photometry from the LER sample (see
section 3.6). A selection of regions we determined to be high-quality photometry sources
can be found on the next page (Figure 3.12).
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Figure 3.12: From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel PACS 160 µm, and Herschel
SPIRE 250 µm for sources 2, 6, and 7. Green contours in 8 and 22 µm images correspond to the CORNISH 5 GHz source. White
circles in 70, 160, and 250 µm images have a radius of 1′.
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We did not make any adjustments to the original NLy values for two reasons. First, as
already mentioned in section 3.1, the NLy value is likely a lower limit, and any increase in
NLy only increases the Lyman excess. Second, in contrast to the infrared, the sources viewed
in the radio continuum are typically very well defined with a uniform background. Thus
we are confident that redoing the radio continuum photometry would not have resulted in
any significant changes to the derived NLy given by:
NLy
(
s−1
)
= 9.9× 1043Sνd2, (3.1)
where Sν is the integrated flux density at 5 GHz in mJy, and d is the distance to the source
in kpc.
The recalculated luminosities resulted in 10 or 11 of the high confidence photometry
LERs moving out of the forbidden region using the C15 or MK18 distances respectively.
Figure 3.13 shows the position of the 67 LERs with luminosities recalculated using the new
photometry and the C15 distances. In this case, the LER data points can only shift in
luminosity. When the MK18 distances are used, the NLy are also scaled to the appropriate
value meaning the original LER data points can shift in both NLy and luminosity (see
Figure 3.15). While we see that redoing photometry for the Herschel wavelengths produces
luminosities greater than the simulated clusters, as in the IRAS sources, but we note that
this is limited to at most three sources, which we had already classified as having medium
and low confidence photometry.
3.3.4 Covering Factor
If the ionizing source of the HII region is not entirely enshrouded, photons are being lost
to space rather than heating and ionizing the surrounding gas. This affects measurements
in both the radio and infrared, which in turn influences the derived NLy and luminosity,
respectively. We can quantify this by defining a geometric covering factor fc.
For a newly formed region it is reasonable to set fc ∼ 1. In this case the HII region would
be ionization bounded, and the surrounding ISM would act as an effective bolometer. As a
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Table 3.3: New flux densities for the 67 LERs identified by C15.
C15 ID S70µm S160µm S250µm S350µm S500µm
(Jy) (Jy) (Jy) (Jy) (Jy)
2 206.11 319.40 220.12 87.38 26.79
6 267.46 189.83 66.60 24.5 6.11
7 59.01 54.7 22.82 9.48 2.55
10 105.28 85.76 43.88 17.25 5.37
11 214.43 416.36 268.18 128.42 42.16
16 181.17 186.23 103.43 44.08 17.79
18 202.9 444.37 273.72 118.48 38.12
19 790.69 830.54 922.33 386.54 126.92
20 678.05 404.12 153.49 52.76 16.27
22 151.43 175.25 125.41 51.02 16.92
23 114.17 144.16 82.19 37.13 11.13
26 193.28 321.65 35.62 14.37 4.00
32 1615.26 1016.05 362.23 120.41 38.97
33 2505.09 2229.98 1075.42 432.39 142.87
34 155.75 189.5 87.34 40.01 11.71
36 169.75 106.49 27.28 10.54 2.66
39 148.14 140.85 116.31 52.24 14.16
43 563.31 406.76 147.09 54.96 16.24
46 789.34 413.14 156.47 54.65 26.95
47 142.52 147.83 75.66 32.27 10.3
48 124.96 93.20 74.84 25.95 7.99
51 83.50 199.81 177.19 51.81 16.75
57 1089.21 926.63 375.85 143.81 46.02
58 58.96 33.41 8.62 4.93 2.47
59 550.74 373.71 173.86 60.27 17.62
60 207.57 311.23 148.46 62.09 20.75
61 270.35 392.31 190.96 74.13 22.76
62 102.3 146.52 53.96 16.94 3.28
65 174.78 268.82 201.62 75.36 23.62
70 706.48 627.68 700.19 243.38 65.03
74 227.02 278.17 121.26 48.45 14.45
87 192.46 91.054 39.64 14.4 5.36
90 332.45 321.79 91.35 39.85 15.94
92 212.24 335.59 195.15 90.83 32.66
94 415.35 318.45 273.93 111.49 35.38
96 609.70 421.63 138.31 48.78 13.21
98 102.19 86.32 32.91 11.89 2.94
99 89.28 75.45 27.23 10.82 3.11
101 358.69 550.59 340.87 141.74 47.10
102 226.93 163.77 41.86 13.55 3.80
105 198.03 156.5 77.49 30.26 9.43
115 542.21 32.52 92.79 27.89 7.24
116 156.68 252.29 181.23 79.49 27.29
122 177.07 300.83 236.12 143.54 49.44
123 670.20 662.87 512.94 212.79 69.89
124 272.03 192.85 93.19 35.29 10.94
129 282.12 128.11 41.05 13.27 3.99
131 207.22 159.71 59.87 23.53 7.70
142 40.37 83.39 39.48 19.61 7.02
149 113.49 102.81 41.80 16.73 5.62
150 612.32 764.32 473.31 196.12 64.69
152 255.65 283.53 149.38 59.66 18.48
154 30.51 26.48 12.85 5.94 1.90
155 99.71 101.93 67.69 24.00 7.40
158 309.60 232.64 60.49 21.90 15.68
160 272.50 223.53 81.94 31.06 10.30
161 418.13 506.15 231.19 99.41 32.19
163 343.41 22.40 77.67 27.56 8.17
175 660.28 629.34 603.98 261.18 88.84
183 2880.41 1843.9 578.84 191.38 57.31
184 202.05 133.06 43.90 15.44 5.09
186 1342.30 850.25 263.60 105.30 30.58
194 279.07 254.47 77.27 28.06 8.59
195 134.75 105.32 74.52 27.67 9.20
196 237.00 252.46 95.23 35.30 12.96
198 588.12 607.32 276.07 107.39 34.22
201 259.25 290.22 132.67 52.14 17.19
Note: Uncertainties are assumed to be 10% in each band. See
text for details.
58
102 103 104 105 106
L (L⨀)
1045
1046
1047
1048
1049
N
Ly
(s
-1
)
B1
B0
O9
O7
B3 B2 B1 B0 O9 O7
Figure 3.13: Lyman continuum flux of the 67 LERs, as in Figure 3.1, with luminosities
recalculated using the new photometry and C15 distances. The difference in color for each
source corresponds to our confidence level in the photometry: blue is high, green is medium,
and red is low confidence.
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region evolves it is expected to clear out surrounding material through phenomena such as
bipolar outflows (Yorke and Bodenheimer, 1999). The HII region can then become density
bounded in certain directions and non-ionizing photons can also escape. The later stages
of HII region evolution typically involve blister structures where very low covering factors,
fc ≤ 0.5, would be appropriate.
102 103 104 105 106
L (L⨀)
1045
1046
1047
1048
1049
N
Ly
(s
-1
)
B1
B0
O9
O7
Figure 3.14: Lyman continuum flux of the 67 C15 LERs, as in Figure 3.13, with our recal-
culated luminosities from C15 photometry as well as newly scaled NLy from new kinematic
distances and an fc = 0.8 applied.
We chose a reasonable covering factor for our sample, fc = 0.8 as well as a representative
low covering factor, fc = 0.5, and applied these to the NLy-L calibration. The effect of a
non-unity covering factor is to slide the calibration to lower NLy and luminosity along the
direction indicated by the green line in Figure 3.14 where we show the effect of fc = 0.8 for
sources using C15 photometry. For sources using our photometry we see that in Figure 3.15,
even when fc = 0.5, there are still 20 high confidence sources that show Lyman excess.
However, as stated above, using a covering factor of 0.5 would mean assuming a blister
morphology for each source, which, from visual inspection of the sources, is not an accurate
representation of the sample. For the purpose of eliminating sources from consideration,
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we will assume that fc = 0.8 is possible. This results in ∼ 33%− 50% of the original LERs
being removed from the sample (see Table 3.1 and Table 3.2 for the exact numbers).
We note our implicit assumption that the covering factor for both the ionized gas and
the dust are equal does not necessarily need to be true. For example, an ionized-bounded
HII region could be surrounded by a thin shell of material resulting in an ionized gas cover
factor, fi ≈ 1, but a dust covering factor fd  1. In this case the surrounding ISM does
not act as an effective bolometer, and points on the NLy-L plot would move to the right
at constant NLy. To explain the LER phenomenon in this manner though would typically
require a very contrived molecular cloud morphology, which, once again, we see no evidence
for in the images.
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Figure 3.15: Lyman continuum flux of the 67 C15 LERs, as in Figure 3.13, with recalculated
luminosities from new photometry as well as newly scaled NLy from new kinematic distances
(MK18). The dot-dash line corresponds to a NLy-L relationship for a ZAMS star with a
fc = 0.8, and the dashed line fc = 0.5.
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Figure 3.16: Lyman continuum flux of the original C15 UCHII s, as in Figure 3.13, showing
the calibration modesl for Panagia (1973), Thompson (1984), Martins et al. (2005), Diaz-
Miller et al. (1998), Crowther (2005), Davies et al. (2011), Vacca et al. (1996). Figure 6
from Cesaroni et al. (2015).
3.3.5 Different Stellar Calibrations
As C15 noted, the use of different NLy-L stellar calibrations (Panagia, 1973; Thompson,
1984; Vacca et al., 1996; Diaz-Miller et al., 1998; Crowther, 2005; Martins et al., 2005;
Davies et al., 2011) will change the number of HII regions classified as LERs. In general we
find that the PAN73 calibration minimizes the Lyman excess over most of the luminosity
range being considered (see Figure 3.16); however, the Davies et al. (2011) calibration does
have a higher NLy than PAN73 for stars with log10(L/L > 4.75 while being comparable
to PAN73 elsewhere. In general, the stellar calibrations follow each other fairly closely, and
switching the NLy-L stellar calibration from PAN73 to Davies et al. (2011) only results in
a low number (∼ 5) of additional HII regions being removed from the LER sample (see
Table 3.1 and Table 3.2 for the exact numbers).
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3.4 Discussion
3.4.1 Physical Properties of the Sample
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Figure 3.17: Lyman continuum flux versus luminosity as in Figure 3.15 showing our refined
subset of 24 LERs.
After applying the various modifications described in section 3.3 to the original LER
sample, we found that there was no reasonable way to move 24 of the sources out of the
forbidden region of the NLy-L plot. This refined sample of LERs is summarized in Table 3.4
and illustrated in Figure 3.17. The quoted radius was determined from the Spitzer 8.0
µm images. It is the average of the distance from the center of the source to where the
intensity fell to ∼ 5% above the estimated background measured along lines of constant
Galactic longitude and latitude. All of the sizes are comparable to typical sizes expected for
photodissociation regions surrounding compact/ultra-compact HII regions (Kerton, 2002;
Diaz-Miller et al., 1998).
This sample is not meant to be exhaustive; it is possible that some of the objects we
removed from the original LER sample (see Table 3.5), and even some of the 133 C15 objects
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that fell in the allowed region of the NLy-L plot, are actually LERs. Rather, it represents
an ideal sample for examining the LEP with a minimal amount of confusion from regular
HII regions.
From Figure 3.17 we see that as the LERs decrease in luminosity, the magnitude of
the LEP increases. At L ∼ 105L the excess in NLy is only a fraction of a dex, around
L = 103.5 − 104L it increases to approximately one dex, while at L < 103.5L the excess
rises to two or more dex. The average L and NLy of our final sample is log10(L/L) = 4.36
and log10(NLy/s
−1) = 48.03, whereas the averages of the sample that we removed are 4.89
and 48.30 respectively. This suggests that the phenomenon may be more prevalent in early
B-type stars, although it is also possible that the phenomenon is just more easily detected
in these stars compared with O-type stars.
Figure 3.18 shows a color-color plot for C15 excess regions with coincident IRAS point
sources. Here we define coincidence as a separation < 2′ between IRAS and CORNISH
point sources; however, 47 of the 49 coincident sources have a separation < 50′′. The close
positional match was used to select sources that are likely the dominant source within the
low-resolution (1′ − 4′) IRAS beam thus minimizing confusion effects. Both our LERs and
the C15 excess regions fall in the region expected for HII regions, as determined by Hughes
and MacLeod (1989), and there is clearly no contamination from planetary nebulae.
As expected, given the selection criteria of the CORNISH survey, a plot of of electron
density (ne) versus physical (5 GHz) diameter (d) for all of the C15 sources (Figure 3.19)
shows the sources falling into the canonical ultra-compact and compact bins designated by
Habing and Israel (1979). The ne distribution of the two samples appears to be essentially
identical, while the d distribution of the 24 LERs appears to be slightly shifted to smaller
sizes.
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Figure 3.18: Color-color diagram using IRAS flux densities for C15 excess regions which
have associated IRAS sources. Dashed lines show the division between planetary nebulae
(log(S60/S25) < 0.25, log(S25/S12) > 0.4) and (log(S60/S25) > 0.25, log(S25/S12) > 0.4) as
in Hughes and MacLeod (1989). Dots in orange correspond to regions in the LER sample.
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Table 3.4: The refined sample of LERs.
C15 CORNISH l b log10(L/L) log10(NLy/s−1) d r ne SpT αb
ID ID (deg.) (deg.) (kpc) (pc) (103 cm−3) ZAMSa
2 G010.3204−00.2586 10.3204 −0.2586 3.60 46.22 3.05 0.07 15.8 B1 -
6 G010.9656+00.0089 10.9656 +0.0089 3.69 46.67 3.03 0.38 5.36 B0 −0.83 (.05)
7 G011.0328+00.0274 11.0328 +0.0274 3.04 45.73 3.05 0.10 7.35 B1 0.36 (.15)
10 G011.1712−00.0662 11.1712 −0.0662 4.57 48.26 13.48 0.84 1.09 O9 0.80 (.05)
11 G011.9032−00.1407 11.9032 −0.1407 3.67 46.60 3.1 0.11 8.98 B1 0.09 (.07)
18 G012.9995−00.3583 12.9995 −0.3583 3.22 45.84 1.83 0.08 8.52 B1 −0.27 (.08)
20 G013.3850+00.0684 13.3850 +0.0684 3.68 47.31 1.84 0.16 3.01 B0 0.87 (.09)
47 G019.7281−00.1135 19.7281 −0.1135 3.53 46.49 3.46 0.21 6.24 B1 −0.16 (.06)
48 G019.7407+00.2821 19.7407 +0.2821 4.72 48.68 14.22 1.85 0.75 <O7 −0.22 (.04)
51 G020.3633−00.0136 20.3633 −0.0136 3.42 47.06 3.44 0.14 11.1 B0 −0.09 (.06)
61 G023.2654+00.0765 23.2654 +0.0765 4.12 47.30 4.77 0.26 6.12 B0 0.07 (.05)
74 G024.9237+00.0777 24.9237 +0.0777 3.68 47.28 3.33 0.22 1.74 B0 −0.48 (.05)
92 G027.5637+00.0845 27.5637 +0.0845 4.51 48.05 8.37 0.61 1.43 O9 −0.16 (.04)
94 G027.9782+00.0789 27.9782 +0.0789 4.21 47.38 4.41 0.31 2.54 B0 −0.17 (.03)
102 G028.6869+00.1770 28.6869 +0.1770 4.44 47.83 8.07 0.48 4.11 O9 0.07 (.09)
124 G032.2730−00.2258 32.2730 −0.2258 4.96 48.69 12.6 1.05 2.25 <O7 0.02 (.03)
142 G035.4570−00.1791 35.4570 −0.1791 4.00 46.88 10.11 0.28 5.53 B0 −0.33 (.09)
154 G037.9723−00.0965 37.9723 −0.0965 3.79 47.34 10.24 0.48 5.20 B0 0.33 (.1)
155 G038.6465−00.2260 38.6465 −0.2260 3.52 46.26 4.0 0.22 5.96 B1 0.01 (.06)
158 G038.8756+00.3080 38.8756 +0.3080 5.06 48.79 14.2 0.68 9.70 <O7 0.31 (.04)
194 G052.7533+00.3340 52.7533 +0.3340 4.73 48.54 9.5 0.82 3.49 O8 −0.38 (.03)
195 G053.1865+00.2085 53.1865 +0.2085 4.44 47.96 9.75 0.82 1.58 O9 −0.05 (.04)
196 G053.9589+00.0320 53.9589 +0.0320 3.96 46.86 3.95 0.15 13.5 B0 0.11 (.05)
198 G059.6027+00.9118 59.6027 +0.9118 4.14 46.94 3.57 0.03 27.7 B0 0.73 (.07)
aSpectral type consistent with NLy from Panagia (1973).
bRadio spectral index, see subsection 3.4.2.
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A Kolmogorov-Smirnov (KS) test was applied to the ne and d distributions of the 24
LERs and the remaining 176 CORNISH regions. For ne the p-value was 0.40 indicating
no statistically significant difference between the distributions. In contrast, a p-value of
0.008 was returned for d, suggesting the 24 LER sources are from a different (physically
smaller) distribution. However, we caution that this may be a selection effect caused by
our removal of sources from consideration due to potential for confusion. More compact
HII regions were more likely to be classified as being isolated and thus considered to have
higher quality photometry.
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Figure 3.19: Electron density vs. 5 GHz diameter for all C15 regions using diameters from
the CORNISH catalog. Orange dots denote our refined sample of LERs, yellow the C15
regions we no longer consider excess, and blue the remaining C15 regions. The distinction
between ultra-compact, compact, and dense regions are defined in Habing and Israel (1979).
The dashed lines correspond to lines of constant excitation parameter of 10, 100, and 1000
pc cm−2 from left to right.
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Table 3.5: Sources removed from the original LER sample.
C15 # CORNISH log10(L/L) log10(NLy/s−1) d ne Notesa
ID ID (kpc) (103 cm−3)
16 G012.4294−00.0479 5.15 48.26 20.19 4.66 P18, P15, S, C
19 G013.2099−00.1428 4.54 48.28 4.55 8.35 PC
22 G014.1741+00.0245 4.82 47.99 14.41 1.39 P18, P15, L15, C
23 G014.4894+00.0194 3.32 46.47 2.89 4.99 PC
26 G016.3913−00.1383 4.75 48.26 12.13 1.11 C
32 G018.1460−00.2839 4.54 48.01 3.5 1.93 PC
33 G018.3024−00.3910 5.06 48.19 3.5 4.77 P18, P15, L15, C
34 G018.4433−00.0056 4.64 48.07 12.01 9.71 C, PC
36 G018.6738−00.2363 4.74 48.25 12.76 1.03 C
39 G018.8250−00.4675 3.97 46.44 4.93 5.28 PC
43 G019.4912+00.1352 5.43 48.91 14.2 1.84 P18, C, PC
46 G019.6781−00.1318 5.33 48.27 11.98 0.93 P18, P15, C
57 G021.4257−00.5417 4.70 47.32 4.76 1.91 P18, P15, C
58 G021.6034−00.1685 4.42 47.69 15.71 2.17 L18, L15, PC
59 G021.8751+00.0075 5.33 49.03 13.87 0.22 D
60 G023.1974−00.0006 4.20 46.50 5.7 5.38 P18, C, PC
62 G023.4553−00.2010 3.85 46.69 5.87 9.78 PC
65 G023.8618−00.1250 4.65 47.65 10.7 3.29 P18, P15, C, PC
70 G024.4736+00.4950 4.64 47.65 5.9 4.91 P18, P15, C, PC
87 G026.6089−00.2121 5.18 48.87 19.5 2.69 L18, D
90 G027.2800+00.1447 5.16 48.89 13.5 5.72 PC
96 G028.2447+00.0131 4.85 47.60 8.0 2.00 P18, P15, C, PC
98 G028.4518+00.0027 4.08 47.34 8.11 8.07 P18, S, C, PC
99 G028.5816+00.1447 4.58 47.97 15.4 1.84 L18, L15, C, PC
101 G028.6523+00.0273 4.70 48.16 8.0 5.56 P18, P15, C
105 G030.2527+00.0540 4.65 48.05 10.8 2.98 P18, L15, C
115 G031.0709+00.0508 5.08 48.52 11.7 22.6 P18, P15, C
116 G031.1596+00.0448 3.19 46.12 2.05 24.7 PC
122 G032.0297+00.0491 4.52 47.24 8.1 2.87 P18, P15, C, PC
123 G032.1502+00.1329 4.76 48.20 5.4 3.18 P18, P15, C
129 G032.9273+00.6060 5.28 48.94 17.5 3.18 P18, C
131 G033.4163−00.0036 4.58 47.83 9.48 1.51 P18, C, PC
149 G037.7562+00.5605 4.51 47.73 12.3 1.28 L18, L15, C
150 G037.7633−00.2167 5.06 48.49 9.65 1.49 P18, P15, C, PC
152 G037.8683−00.6008 4.80 48.32 10.0 5.44 P18, P15, C
160 G039.7277−00.3973 4.66 48.05 9.3 0.83 P18, C
161 G039.8824−00.3460 4.86 48.35 9.0 10.4 P18, P15, C
163 G041.7419+00.0973 4.94 48.49 11.7 4.63 P18, P15, C
175 G043.8894−00.7840 4.31 47.25 3.38 14.0 P15, L15, C, PC
183 G045.4790+00.1294 5.53 48.49 7.92 2.19 P18, P15, C, PC
184 G045.5431−00.0073 4.37 47.49 7.96 2.38 PC
186 G048.9296−00.2793 4.85 47.76 5.6 5.26 P18, P15, C, PC
201 G061.2875−00.3327 4.60 48.08 8.67 0.64 PC
aIndicates the factor(s) which recategorized the source as no longer being a LER.
P18 is using new photometry at the MK18 distance.
P15 is using new photometry at the C15 distance.
S is scaling the distance only.
C is using new photometry at the MK18 distance and a fc = 0.8
PC is reflective of a medium/low photometry confidence level.
L15 is using new luminosity calculated using C15 flux densities with C15 distances.
L18 is using new luminosity calculated using C15 flux densities with MK18 distances.
D is using the ZAMS stellar parameters from Davies et al. (2011) only.
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Inspection of Spitzer three-color (3.6, 4.5, and 8.0 µm) images of our 24 sources show
a variety of morphologies, but in general there is nothing about their infrared morphology
that makes this sample of regions stand out from the other CORNISH HII regions (see
examples in Figure 3.20, Figure 3.21, and Figure 3.22). However, in our inspection we did
find one peculiar HII region, source 198 (see Figure 3.23), that shows very bright extended
emission at 4.5 µm. Such emission is often associated with very young outflow activity
(Cyganowski et al., 2008; Wolf-Chase et al., 2017). In such cases it is possible that the
observed HII region is actually an ionized portion of the outflow (see further discussion in
subsection 3.4.3).
Figure 3.20: Spitzer 2.75′ x 2.1′ false color (RGB) image (8.0, 4.5, 3.6 µm) centered on the
coordinates from Table 3.4 for source 10.
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Figure 3.21: As in Figure 3.20 for source 18.
The values of the basic physical properties, IR color, density, and size, of our LER
subsample all fall within the ranges expected for ultra-compact and compact HII regions.
In the following sections we examine different possible origins for the LEP in these otherwise
normal looking HII regions. In subsection 3.4.2, subsection 3.4.3, and subsection 3.4.4 we
assume that the underlying stellar models (e.g., PAN73 or Davies et al. (2011)) are correct
and examine other sources of ionizing photons besides the LyC. Then, in subsection 3.4.5, we
discuss evidence that the LyC flux is being underestimated by stellar models, and explore the
extent to which existing models need to be modified in order to match the LER observations.
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Figure 3.22: As in Figure 3.20 for source 48.
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Figure 3.23: As in Figure 3.20 for source 198. This source is discussed in more detail in
section 3.4 and chapter 6.
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3.4.2 Ionization from the Balmer Continuum
The LEP has been noted in a number of previous studies of young stellar objects (Simon
et al., 1981, 1983; Bally and Predmore, 1983), molecular outflows (Snell and Bally, 1986),
and outer Galaxy star-forming regions (Mead et al., 1990). In all of these cases, it was
suggested that the additional ionization required originated from Balmer continuum (BaC)
photons.
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Figure 3.24: Lyman continuum flux versus luminosity as in Figure 3.17 with the dashed
lines showing a range of 1, 10, 30 and 100% of the Balmer continuum photons produced
by blackbodies with the same Teff and luminosity as the PAN73 spectral types. Compar-
ison with actual stellar models shows that there is no significant difference in the Balmer
continuum flux from OB stars or equivalent blackbodies in the range of interest.
Allowing ionization by BaC photons would easily solve the LER problem since NBa >>
NLy for all OB stellar models. As shown in Figure 3.24, if only 10% of the BaC photons
that are produced actually help to ionize the region, the excess problem is solved for half of
the LERs. BaC ionization appears to be important though only in high density (105 − 107
cm−3), compact (10−4−10−2 pc) regions, where the n = 2 level of hydrogen can be populated
(Simon et al., 1983; Thompson, 1984). As shown in Figure 3.25, the types of objects where
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Figure 3.25: As in Figure 3.19, but note the scaling has been stretched to also display, in
order of increasing electron density, NGC 2071-IRS 1 (Bally and Predmore (1983)), M8E,
CRL 490, and the BN object (Simon et al. (1981)) in red.
BaC ionization is thought to play an important role, such as the Becklin-Neugebauer (BN)
Object (Becklin and Neugebauer, 1967), are 2 – 4 orders of magnitude denser and smaller
in size than the HII regions we are considering.
As part of their study of compact radio sources associated with molecular outflows, Snell
and Bally (1986) developed a radio spectral index and flux criteria to identify potential
BaC ionized stellar winds. Such regions had a radio spectral index (Sν ∝ να) between
0.5 < α < 1.5 and an angular size related to its radio flux at 5 GHz by:
θd(arcsec) = 0.072
(
Sν
mJy
)
. (3.2)
We calculated radio spectral indices for our LER sources using data available in the
literature (primarily from Purcell et al. (2013); Ofek et al. (2011) and Giveon et al. (2005);
see Table 3.4, section 3.6). Only three of the LERs meet the Snell and Bally (1986) spectral
index criteria, and their size at 5 GHz is much larger than that predicted from Equation 3.2.
We note that some of the clearly spurious results in Table 3.4 (e.g., α = −0.86 for source
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6) likely arise from a combination of having only a limited number of observations and/or
insufficient frequency coverage.
While ionization by BaC photons is a viable explanation for the intensity of the radio
emission observed in compact, BN-type objects, we conclude that BaC ionization is not
likely to be an important process in the more extended, lower density interstellar medium
associated with the CORNISH HII regions.
3.4.3 Shock Excitation in Winds and Jets
Outflows associated with lower luminosity (solar-type) YSOs have been observed having
radio continuum emission 2 – 13 orders of magnitude larger than would be expected from a
plasma ionized by the stellar LyC flux (Anglada, 1996). Because of the extended nature of
these objects, Anglada (1996) concluded that BaC ionization does not play a key role, rather
they suggest that shocks in a neutral stellar wind are the cause of the excess ionization.
To determine if this process could be applicable to our LERs we calculated momentum
rates using terminal velocities and mass-loss rates for OB stars (Muijres et al., 2011; Krticˇka,
2014) and plotted them against the radio continuum luminosity (Sνd
2) of the objects (see
Figure 3.26). We find that, while our calculated momentum rates for LERs fall within the
same range as their sample (∼ 10−5− 10−2M km s−1 yr−1) the LERs are roughly five dex
more radio luminous.
HH 80 and 81 are Herbig-Haro (HH) objects believed to be powered by the high-
luminosity YSO IRAS 18162−2048. The size and electron density of both HH 80 and
81 are such that they could be easily mistaken for traditional (i.e., containing a massive
star) compact HII regions based solely on the size and intensity of their 5 GHz emission.
We find that NLy ∼ 1044 s−1 for HH 80 and 81, comparable to a B2 – B3 ZAMS star.
While this is non-negligible, it is still approximately an order a magnitude lower in NLy
than our weakest LER. In addition, the infrared luminosity of these objects is many orders
of magnitude lower than the range of bolometric luminosities we are investigating.
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Figure 3.26: Momentum rate vs. radio continuum luminosity of LERs. Momentum rates
were determined using characteristic terminal velocities and mass-loss rates from Muijres
et al. (2011); Krticˇka (2014) based on the spectral types given in Table 3.4. The line shows
the trend found in Anglada (1996) for radio jets associated with lower luminosity stars.
We conclude that shock ionization processes like those associated with outflows/winds
from lower-luminosity YSOs are not responsible for the LER phenomenon. Also confusion
between traditional HII regions and HH objects is unlikely.
3.4.4 Accretion Shock Emission
Excess optical and ultraviolet emission from young, solar-mass YSOs (i.e., T Tauri stars)
has long been explained as being due to emission associated with shocks forming as material
accretes onto the forming star. The original versions of these models had the emission
originating in a boundary layer where material would transition from orbital velocities to
stellar rotation velocities over a very short distance (Lynden-Bell and Pringle, 1974; Bertout
et al., 1988). More recent models have material being channeled along magnetic field lines
from an accretion disk to the stellar photosphere with the emission occurring as the material
shocks on impact with the photosphere (Koenigl, 1991; Hartmann et al., 1994).
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Disregarding the fact that the magnetospheric channeling mechanism is questionable for
OB-type stars (Hartmann et al., 2016), we can construct a simple model for this process,
following Matsuyama et al. (2003), where the additional accretion shock emission is modelled
as a blackbody. For the blackbody temperature we used 15,000 K, which is almost certainly
an overestimate (Hartmann, 1998; Matsuyama et al., 2003). The accretion shock luminosity
Las was calculated using:
Las =
GM∗M˙d
2R∗
, (3.3)
where, M˙d is the accretion rate, and M∗ and R∗ are the stellar mass and radius respectively.
Using representative values of mass and radius for early B-type/late O-type stars (∼ 10 M,
∼ 5 R), and a very high accretion rate 10−4 Myr−1, Equation 3.3 gives a luminosity of
∼ 103.5 L.
The cloudy photoionization code (Ferland et al., 2017) was then used to combine
TLUSTY NLTE stellar atmosphere models (Lanz and Hubeny, 2003, 2007) corresponding
to B2 V, B1 V, and O9 V stars (using the Conti et al. (2008) calibration) with the blackbody
representing the additional accretion shock emission. The results are shown in Table 3.6
in the TLUSTY+BB rows. In the lowest luminosity model the addition of the blackbody
does add 1.2 dex to log(Q), but this is still short of the value required to match our LER
observations (e.g., compare with the NLy and L values shown in Figure 3.24). At higher
luminosities, the model for the accretion shock emission had essentially no effect on the
overall ionizing photon flux.
Even with the generous blackbody temperature and M˙ values chosen, the TLUSTY
models with the additional blackbody emission fall short in producing the ionizing photon
flux required to power the LERs. We conclude that the additional ionizing flux in the LERs
does not originate from a scaled-up version of the disk accretion process around low-mass
YSOs.
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3.4.5 Enhanced Lyman Continuum Stellar Models
Observations of the LyC emission from OB stars are extremely challenging due to the
large distances to the nearest such stars combined with strong interstellar absorption at
these frequencies. Direct evidence that the LyC flux from OB stars is being underestimated
by current stellar atmosphere models comes primarily from extreme ultraviolet (EUV) ob-
servations of the B2 II star  CMa and the B1 II-III star β CMa obtained by the EUV
Explorer (EUVE) satellite (Cassinelli et al., 1995, 1996). These two stars are relatively
nearby, 188 pc and 206 pc respectively, and lie along a relatively low density line of sight
in the local interstellar medium (Barstow and Holberg, 2003).
As discussed in greater detail in both Vacca et al. (1996) and Barstow and Holberg
(2003), EUVE observations of  CMa indicate an NLy excess of a factor of 30 (1.5 dex)
(Cassinelli et al., 1995). The star’s low mass loss rate, and the existence of a mid-infrared
excess at 12 and 25 µm support the idea that the excess EUV emission arises in the
stellar photosphere, possibly due to an increase in temperature due to wind blanketing
(Barstow and Holberg, 2003). The interpretation of the β CMa observations are not as
clear. Cassinelli et al. (1996) derive two models of the star with different effective temper-
atures; the lower temperature model yields an excess of a factor of 5 (0.7 dex) while the
higher temperature model has essentially no excess emission.
Motivated by these observations, we wanted to determine if slight modifications of stel-
lar models could match our LER observations. Using the cloudy photoionization code
(Ferland et al., 2017) we modified the SEDs of our TLUSTY models from subsection 3.4.4
in the EUV and X-ray regimes in two different ways.
Kaschinski and Ercolano (2013) found that the addition of shocks to a stellar atmosphere
model produced additional EUV (shortward of 500 A˚) and X-ray emission. We matched
their model SEDs (see Figure 3.27) by the addition of a power law spectrum, Fν ∝ ν−2
between ∼46 and 600 A˚, normalized to the TLUSTY model at 500 A˚. The modified SEDs
are shown in Figure 3.30, Figure 3.29, and Figure 3.31, and the results of this modification
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Figure 3.27: Ionizing flux of three models from Kaschinski and Ercolano (2013). Effective
temperatures of models ranging from 20 kK (top panel) to 40 kK (bottom panel), with
models including shocks shown with a solid line, and without shocks with the dashed line.
Figure 1 in Kaschinski and Ercolano (2013).
on the LyC flux are shown in Table 3.6 in the TLUSTY+PL1 rows. We find that the effect
on the LyC flux is minimal at all luminosities. While this sort of power law may be useful in
explaining higher energy X-ray emission from OB stars, it does not come close to matching
the LER observations.
We also modified the TLUSTY models to approximate the shape of the EUV emission
seen in the spectrum of  CMa (see Figure 3.28) by adding a piecewise power law, normalized
to the TLUSTY model at 912 A˚, to the TLUSTY SED. The power law has a Fν ∝ ν−2
dependency between ∼45 and 315 A˚ followed by a very steep increase to 912 A˚. The modified
SEDs are shown in Figure 3.29, Figure 3.30, and Figure 3.31. The results of this modification
on the LyC flux are shown in Table 3.6 in the TLUSTY+PL2 rows. This modification does
give the increased ionization flux that we see in LERs, and it also reproduces the reduction
in the excess observed as we move from B-type to O-type stars.
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Figure 3.28:  CMa energy distribution from extreme ultra-violet to the mid-infrared com-
pared with 21000K LTE model from Cassinelli et al. (1995). Figure 6.2 from Barstow and
Holberg (2003).
Table 3.6: Description of TLUSTY models with the various SED additions.
Model (Z = Z, T(eff) log10(L/L) log(Q) ∆log(Q)
log(g) = 4.0) (kK)
TLUSTY 21 3.59 44.34 -
TLUSTY + PL1a 21 3.59 44.34 0.00
TLUSTY + PL2b 21 3.60 46.20 1.86
TLUSTY + BBc 21 3.85 45.54 1.20
TLUSTY 26 4.24 46.17 -
TLUSTY + PL1 26 4.24 46.18 0.01
TLUSTY + PL2 26 4.26 47.12 0.95
TLUSTY + BB 26 4.31 46.25 0.09
TLUSTY 32.5 4.91 48.19 -
TLUSTY + PL1 32.5 4.91 48.23 0.04
TLUSTY + PL2 32.5 4.94 48.37 0.18
TLUSTY + BB 32.5 4.93 48.19 0.00
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Figure 3.29: SEDs of a B2 V blackbody and TLUSTY stellar atmospheres. Temperatures
and model data are found in Table 3.6. Line in black correspond to blackbody emission.
Green line corresponds to the unmodified TLUSTY model with the red and blue power law
modifications over-plotted. Red corresponds to the power law modeled after Kaschinski and
Ercolano (2013), and blue corresponds to the piecewise SED modeled after Barstow and
Holberg (2003); Cassinelli et al. (1995). Spectral type equivalent is from the Conti et al.
(2008) calibration.
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Figure 3.30: As in Figure 3.29 but using a B1 V spectral type equivalent is from the Conti
et al. (2008) calibration.
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Figure 3.31: As in Figure 3.29 but using a O9 V spectral type equivalent is from the Conti
et al. (2008) calibration.
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3.4.6 A Young Star Phenomenon?
Our analysis of the CORNISH HII regions shows that even though direct observations
of the LEP are limited to only two evolved giant and bright giant stars, the phenomenon
is not restricted to these more evolved stages of stellar evolution. In fact, there is some
evidence that the phenomenon may be preferentially associated with younger OB stars.
In subsection 3.4.1 we showed that it is possible that our LERs are preferentially smaller,
and thus likely to be younger, than the non-LER HII regions. Of course, the size of an HII
region is only a rough proxy for its age due to variations in ISM structure, and there is
also some concern that the difference is a selection effect. However, there is additional
support for the idea that the LEP is preferentially associated with younger HII regions from
a different study.
Sa´nchez-Monge et al. (2013) also describe LERs in their study of southern-sky ultra-
compact and compact HII regions. They subdivided their HII region sample into three types
depending on their association with millimeter and infrared emission using this as a proxy
for age: Type 1 sources only had associated millimeter emission, Type 2 had both millimeter
and infrared emission, and Type 3 had only infrared emission. They found that the excess
is observed predominantly in Type 1 and 2 sources and suggest, as we do, that the LEP is
more common in younger, more compact HII regions. They also speculate that the excess
UV radiation originates from a protostar/disk system, but our analysis in subsection 3.4.4
does not support this idea.
Many of the excess sources in Sa´nchez-Monge et al. (2013) and in our study lie very close
to the blackbody emission line in the NLy-L plot (Figure 3.32). An extreme alternative to
the interpretation presented in the previous three paragraphs is that this locus essentially
represents the correct location of all main-sequence OB stars in the NLy-L plot. If that is
the case though, the allowed region, defined by clusters of stars, must also be shifted over
to lower luminosities. For early O-type stars the stellar models already converge toward the
blackbody line, so the biggest impact of this idea would be for HII regions powered by B-type
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Figure 3.32: Lyman continuum flux versus luminosity as in Figure 3.17. Solid black curve
shows the blackbody calculated using calibration from Conti et al. (2008) and CLOUDY
modeling to obtain the ionizing flux for a blackbody of the same temperature and luminos-
ity. The red line showing the PAN73 calibration and the dashed purple line showing the
TLUSTY NLTE, line-blanketed models.
stars. Regions that were once explained as containing a B-star along with a cluster of lower
mass stars would now become highly overluminous. This is not a trivial issue considering
that 80% of the HII regions consistent with B-type NLy can be explained in terms of a
traditional stellar model combined with various degrees of clustering. Since direct EUV
observations of the stars powering these HII regions are impossible, determining the extent
of the LEP in OB stars will rely primarily on future studies of the stellar content/clustering
found in the most luminous B-star powered HII regions.
3.5 Conclusions
We began with an initial sample of 67 sources categorized as compact and ultra-compact
HII regions in the CORNISH catalog and further classified as LERs in C15. The goal
of our study was to refine the initial sample by removing LERs that could be otherwise
explained by observational uncertainties or more conventional astrophysical processes. We
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examined the effect of: 1) recalculating luminosities; 2) obtaining new distance estimates;
3) performing new photometry; 4) applying reasonable covering factors; and 5) considering
different stellar calibrations. We have clearly shown that the LER phenomenon cannot be
explained away through this combination of factors, and our final refined sample of LERs
consists of 24 sources. The general properties of the refined sample, such as IR color, PDR
size, and electron density, are indistinguishable from those expected for regular compact
and ultra-compact HII regions.
While this phenomenon has already been observed around different types of objects, we
find that the solutions typically proposed in the literature, Balmer continuum ionization,
emission from wind/jet shocks, and emission associated with accretion shocks, do not ade-
quately explain the magnitude of the effect in the CORNISH HII regions. In addition they
do not explain the trends we see with spectral type: two-thirds of our final LER sample
are associated with B-type stars, and the magnitude of the Lyman excess increases as you
move from O-type stars to B-type stars.
We conclude that the most likely cause of the LEP in the majority of the CORNISH HII
regions is a modification to the underlying photosphere, perhaps ultimately caused by wind
line blanketing, resulting in increased EUV emission especially just shortward of 912A˚.
On balance, we prefer the picture where the LEP is primarily associated with the OB
stars powering the youngest HII regions, rather than being associated with all OB stars. Fu-
ture studies of the stellar content of luminous B-star powered HII regions will help determine
if this is the case.
3.6 Additional Material
In the following section we show the available radio fluxes for our sample of LERs used
to determine the radio spectral index and the high, medium, and low quality photometry
LERs.
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Figure 3.33: Radio fluxes available in the literature for Lyman Excess Sources. Green line
shows best fit used to calculate spectral index.
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Figure 3.34: Radio fluxes available in the literature for Lyman Excess Sources. Green line
shows best fit used to calculate spectral index.
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Figure 3.35: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 2, 6, and 7. Green contours in 8 and 22 µm images correspond to the
CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.36: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 10, 11, 16. Green contours in 8 and 22 µm images correspond to the
CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.37: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 18, 20, and 22. Green contours in 8 and 22 µm images correspond to
the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.38: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 26, 33, and 36. Green contours in 8 and 22 µm images correspond to
the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.39: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 47,48, and 51. Green contours in 8 and 22 µm images correspond to the
CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.40: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 57, 59, and 61. Green contours in 8 and 22 µm images correspond to
the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.41: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 74, 87, and 92. Green contours in 8 and 22 µm images correspond to
the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.42: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 94, 99, and 102. Green contours in 8 and 22 µm images correspond to
the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.43: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 105, 115, and 124. Green contours in 8 and 22 µm images correspond
to the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.44: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 129, 142, and 149. Green contours in 8 and 22 µm images correspond
to the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.45: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 152, 154, and 155. Green contours in 8 and 22 µm images correspond
to the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.46: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 158, 160, and 161. Green contours in 8 and 22 µm images correspond
to the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.47: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 163, 194, and 195. Green contours in 8 and 22 µm images correspond
to the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.48: High quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 196 and 198. Green contours in 8 and 22 µm images correspond to the
CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.49: Medium quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 19, 23, and 34. Green contours in 8 and 22 µm images correspond to
the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.50: Medium quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 46, 58, and 60. Green contours in 8 and 22 µm images correspond to
the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.51: Medium quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 65, 70, and 96. Green contours in 8 and 22 µm images correspond to
the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.52: Medium quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm,
Herschel PACS 160 µm, and Herschel SPIRE 250 µm for sources 98, 123, and 150. Green contours in 8 and 22 µm images
correspond to the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.53: Medium quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm,
Herschel PACS 160 µm, and Herschel SPIRE 250 µm for sources 184 and 201. Green contours in 8 and 22 µm images correspond
to the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.54: Low quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 32, 39, and 43. Green contours in 8 and 22 µm images correspond to
the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.55: Low quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 62, 90, and 101. Green contours in 8 and 22 µm images correspond to
the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.56: Low quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 116, 122, and 131. Green contours in 8 and 22 µm images correspond
to the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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Figure 3.57: Low quality photometry sources. From left to right: Spitzer 8 µm, WISE 22 µm, Herschel PACS 70 µm, Herschel
PACS 160 µm, and Herschel SPIRE 250 µm for sources 175, 183, and 186. Green contours in 8 and 22 µm images correspond
to the CORNISH 5 GHz source. White circles in 70, 160, and 250 µm images have a radius of 1′.
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4.1 Introduction
In this chapter we present the first 12CO and 13CO high-resolution (sub-arcminute)
observations of the molecular clouds associated with the CTB 102 HII region. These obser-
vations provide basic data about the clouds, such as their size and masses, and are combined
with archival infrared data to explore ongoing star formation activity associated with the
region.
CTB 102 is an enormous HII region/bubble, with an estimated size of 100 – 130 pc,
located in the outer Galaxy (J2000: 21h12m21s, +52◦28′59′′) at a distance d = 4.3 kpc
(Arvidsson et al., 2009). It was first identified in low-resolution radio continuum sur-
veys at 960 and 1420 MHz by Wilson and Bolton (1960) and Kallas and Reich (1980)
respectively, and was imaged with ∼ 1′ resolution at 1420 MHz as part of the Canadian
Galactic Plane Survey (CGPS; Taylor et al. (2003)). Arvidsson et al. (2009) used H89α
radio recombination line observations to show that the extensive radio continuum structure
visible in these surveys was all part of a single object with the primary structure having
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V0,LSR = −62.66 ± 0.05 km s−1 and most of the surrounding filaments having |V − V0| . 6
km s−1. They also determined that the total Lyman continuum photon emission rate from
the region was NLy > (4.5 ± 1.8) × 1049 s−1, consistent with a single early-type O star or
with a cluster of several late-type O stars.
In spite of its size, CTB 102 has not been studied at optical wavelengths because of
both its distance and the fact it is hidden behind a extensive local region of high extinction
(Lynds, 1962; Fitzgerald, 1968; Simonson and van Someren Greve, 1976a). At near- and
mid-infrared wavelengths our best view of the region comes from the Wide-field Infrared
Survey Explorer (WISE; Wright et al. (2010)) all-sky survey. A portion of the region was
also observed by Spitzer during its warm-mission GLIMPSE360 survey (Whitney et al.,
2008). Comparable resolution data on emission from molecular gas, which is essential for
understanding star-formation activity associated with the HII region, was not obtained until
this study.
In section 4.2 we detail the new 12CO and 13CO observations as well as the archival data
that has been collected for our study. In section 4.3 the physical properties of the newly
mapped molecular clouds are described, and the young stellar object (YSO) content of the
clouds is determined using infrared data. The two studies then are combined to investigate
the star-formation efficiency of the region. Finally, we summarize our findings and present
our conclusions in section 4.4 and section 4.5.
4.2 Observations
4.2.1 12CO and 13CO Observations
The CTB 102 HII region was observed using the Second Quabbin Optical Imaging Ar-
ray in Taeduck Radio Astronomy Observatory (SEQUOIA-TRAO) receiver system on the
TRAO 13.7-m radio telescope. The data were obtained between November 2016 and March
2017, during the first observing season after the SEQUOIA receiver array was relocated
from the Five College Radio Astronomy Observatory (FCRAO) and adjusted to the TRAO
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system. Our data represent not just the first look at the CTB 102 region at 12CO and
13CO, but also some of the first data obtained by the SEQUOIA-TRAO system.
We observed 12CO (115.271 GHz, J = 1− 0) and 13CO (110.201 GHz, J = 1− 0) lines
simultaneously using an On-The-Fly (OTF) observation mode in a 1.5◦ × 1.5◦ region in
order to map the distribution of the molecular gas. Since the TRAO is a two local oscillator
(LO) system, the spectral window has 4096×2 channels in each 62.5 MHz bandwidth. In
total, we observed 36 maps, each a 30′ × 30′ grid, centered on l = 93.01◦, b = 2.73◦. The
RMS is ∼ 0.3 K, with a velocity resolution of 0.2 km s−1. This compares favorably with
the velocity resolutions of the Outer Galaxy Survey (OGS)(Heyer et al., 1998) and Galactic
Ring Survey (GRS) (Jackson et al., 2006); 0.98 km s−1 and 0.65 km s−1, respectively,
obtained at FCRAO, with RMS ∼ 0.5 K.
The observed data was reduced using Otftool and the GILDAS software package
Class. The pointing of the observation was calibrated using the SiO ν = 1, J = 2 − 1
maser line in the Orion IRc2 (Baudry et al., 1995). The pointing observation was performed
every two hours, with an average pointing error of ∼ 6′′. The antenna temperature cor-
rected automatically for the effects of atmospheric attenuation with standard chopper-wheel
method.
The new radome of TRAO was installed in January 2017 to shield the antenna and
receiver from the weather and other exterior environmental factors. Since the new radome
affects the beam efficiency (ηmb), we applied two different beam efficiencies at 115 GHz, for
data acquired before (ηmb = 0.51) and after (ηmb = 0.46) the new radome installation. The
full width at half maximum (FWHM) of the beam at 115 GHz (12CO ) is 45′′ and at 110
GHz (13CO ) is 48′′.
The integrated 12CO cube is shown in Figure 4.1, with 13CO contours overlain. For
reference, the location of the molecular clouds are indicated on the CGPS 1420 MHz image
of the region shown in Figure 4.2.
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Figure 4.1: Integrated 12CO map of CTB 102. Integration was between VLSR = −71
km s−1 to −53 km s−1 and the regions are subdivided based on CO concentration centered
on VLSR = −62.66 km s−1. We also include contours in cyan generated from the integrated
13CO map taken for this study, also centered on VLSR = −62.66 km s−1. Five contour levels
were generated starting 3σ above the median background and the color scale is TA, in units
of K km s−1.
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Figure 4.2: 1420 MHz image of CTB 102 with subdivided regions as in Figure 4.1. The
color scale shown is brightness temperature (Tb) in K.
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4.2.2 Archival Infrared Data
WISE scanned the entire sky in four bands centered at 3.4, 4.6, 12, and 22 µm with a 5σ
sensitivity of roughly 16.6, 15.6, 11.3, and 8.0 magnitudes respectively (Wright et al., 2010).
We used the Infrared Science Archive (IRSA)to retrieved all of the sources in the WISE-
based AllWISE catalog within a 29 arcmin radius around the center of the CTB 102 region
at l = 93.06◦, b = 2.81◦. No additional constraints were used in the search and we retrieved
14814 sources. The AllWISE catalog also provides the nearest coincident source (≤ 3′′) from
the Two Micron All Sky Survey (2MASS; Skrutskie et al. (2006)) All-Sky data release. This
provides data in the J, H, and KS bands with magnitude limits at approximately 16.0, 15.0,
and 14.5 magnitudes respectively (Skrutskie et al., 2006).
4.3 Analysis
4.3.1 The CTB 102 Molecular Clouds
We adopt the distance to CTB 102 of 4.3 kpc from Arvidsson et al. (2009). This
is essentially a kinematic-based distance that accounts for known non-circular motions in
the second quadrant of the Galaxy (Brand and Blitz, 1993). Assuming this, we estimate
the overall size of the 12CO counterpart of the region to be approximately 60 × 35 pc.
Figure 4.1 shows the 12CO emission integrated over −71 km s−1 < VLSR < −53 km s−1,
and indicates the extent of four distinct subdivisions of the molecular cloud, identified from
visual inspection of the data cube. The semi-major and semi-minor axes of region 1 measure
approximately 14 × 8 pc, 2a: 9 × 6 pc, 2b: 10 × 9 pc, and 2c: 11 × 8 pc (for more precise
numbers see Table 4.1). Note that we also distinguished the region 1a, which is contained
entirely within region 1 (1a: 5 × 5 pc), due to the high concentration of YSO candidates
located within this portion of region 1 (see Figure 4.4).
The mass of the molecular clouds associated with CTB 102 can be measured by using
the XCO factor to convert the integrated
12CO intensity into an H2 column density, then
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integrating the column density over the cloud area. The H2 column density was calculated
from the velocity integrated 12CO map using
N(H2) = 2.3× 1020
∫
T 12COMB dV cm
−2, (4.1)
where we have used the Milky Way average value of XCO = 2.3 ×1020 cm−2 (K km s−1)−1,
which is a robust value applicable to clouds found in a wide range of Galactic environments
(Gong et al., 2018; Szu˝cs et al., 2016; Bolatto et al., 2013). Elliptical annuli were used to
define the extent of each cloud and to calculate an average background level, and a mean
molecular weight of 2.3 was used for the total mass calculation. Table 4.1 summarizes all
of the mass calculations described in this subsection.
We can also estimate the H2 column densities using the integrated map for
13CO. Fol-
lowing the procedure described in Rohlfs and Wilson (2004), the 13CO column density is
related to the integrated 13CO intensity by:
N(13CO) = 7.3× 1014
∫
TMBdV cm
−2. (4.2)
In applying Equation 4.2 we are assuming that the 13CO emission is optically thin and that
LTE applies. We also assume identical excitation temperatures for 12CO and 13CO of 10 K
(Szu˝cs et al., 2016; Simon et al., 2001). We adopt the conversion factors 12CO/13CO =
6.21×DGC(kpc)+18.71 and 12CO/H2 = 8×10−5 from Milam et al. (2005) and Blake et al.
(1987), respectively, assuming DGC = 10.1 kpc from Arvidsson et al. (2009).
The column density derived using equation Equation 4.2 is sensitive to the excitation
temperature chosen; changing the excitation temperature to 20 or 30 K will cause an increase
by 40% and 92%, respectively (Simon et al., 2001). This systematic uncertainty likely
dominates over the error in background determination for the regions, which we estimate
to be ∼10%. Given this large systematic uncertainty, along with other omitted potential
corrections, such as subthermal excitation of higher rotation levels and moderate opacity
effects, we consider the 13CO mass estimate to be a lower limit accurate to within a factor
of a few (Simon et al., 2001; Arvidsson et al., 2009; Szu˝cs et al., 2016).
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Finally, the viral mass of a molecular cloud is often a good estimate of the true mass of
the cloud even when the gas is not truly in virial equilibrium. Szu˝cs et al. (2016) found that,
in the context of their numerical models of molecular clouds, the underlying assumption
of this mass determination technique is that the observed line widths are dominated by
turbulent broadening rather than thermal broadening. The virial masses were determined
using
Mvir = 1040×Rpc × σ2v , (4.3)
where σv is the
12CO velocity dispersion in km s−1, and Rpc is the geometric mean size
(equation (12); Szu˝cs et al. (2016)). The values used for each region are given in Table 4.1.
4.3.2 YSO Population of the CTB 102 Molecular Clouds
We used WISE observations of the region to explore the YSO content of the molecular
clouds. There are multiple types of sources that can mimic the colors of YSOs, so we
must first take steps to remove these contaminants to determine the actual number of YSO
candidates in the region. We use w1, w2, w3, and w4 to refer to the WISE 3.4 4.6, 12 and
22 µm band magnitudes from the AllWISE catalog respectively.
To identify likely background star-forming galaxies (SFG) we use the color cuts from
Kang et al. (2017) (K17 hereafter), which closely follow Koenig and Leisawitz (2014) (K14
hereafter), but have more conservative magnitude cuts to reduce the number of spurious
transition disk source candidates:
w2− w3 > 1.0
w1− w2 < 1.0
w1− w2 < 0.46× (w2− w3)− 0.466
w1 > 12.0 or w2 > 11.0.
(4.4)
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Table 4.1: Molecular cloud properties.
Region 1 1a 2 2a 2b 2c Total
Size (pc)a 14.3 × 8.8 5.2 × 5.0 28.1 × 13.9 8.5 × 5.7 10 × 8.9 11.3 × 8.0 30 × 17.5
Rpc
b 11.3 5.1 19.8 7.1 9.4 9.5 −
12CO Avg. V LSR (km s
−1) −62.56 −63.21 −62.55 −63.29 −62.34 −62.10 −62.61
σv (km s
−1) 1.72 1.44 1.53 1.56 1.31 1.60 1.85
Mass (log M) 4.27 3.81 4.62 4.00 4.06 4.14 4.78
13CO Avg. V LSR (km s
−1) −64.46 −64.47 −64.45 −64.44 −64.13 −64.19 −64.57
σv (km s
−1) 1.20 1.16 1.23 1.03 1.29 1.15 1.22
Mass (log M) 3.28 2.64 3.99 3.52 3.56 3.61 4.07
Virial Mass (log M) 4.57 4.04 4.71 4.26 4.22 4.40 4.95c
a Semi-major and semi-minor axes of the elliptical apertures used to determine the mass on the integrated
12CO map.
b Geometric mean size used in the virial mass calculation
c Mass determined from the sum of regions 1 and 2
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Active galactic nuclei (AGN) with unresolved broad-line regions are another source of
false YSOs as their mid-infrared colors are very similar. These AGN however are expected
to be fainter than a typical YSO closer than ∼5 kpc. The criteria used to identify and
remove these likely AGNs is again identical to K17:
w1 > 1.8× (w1− w3) + 4.1
w1 > 13.0 or w2 > 12.0
(4.5)
or
w1 > w1− w3 + 11.0. (4.6)
After the elimination of the red extragalactic contaminants, there are two sources of Galactic
contaminants that we consider. We once again follow the method from K17 to determine
whether any of the objects are unresolved shock emission knots or resolved PAH emission.
For shock emission we follow the criteria:
w1− w2 > 1.0
w2− w3 < 2.0,
(4.7)
and for PAH emission we use:
w1− w2 < 1.0
w2− w3 > 4.9
(4.8)
or
w1− w2 < 0.25
w2− w3 > 4.75.
(4.9)
Figure 4.3 illustrates the contaminant identification procedure. Starting with the 14814
sources selected from the AllWISE catalog, 13223 sources are identified as contaminants, and
the remaining 1591 sources move on to the YSO candidate classification process described
in subsubsection 4.3.2.1.
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Figure 4.3: WISE color-color diagram for all CTB 102 sources. WISE 3.4, 4.6, and 12 µm
bands show the different contamination cuts described in subsection 4.3.2 for each of the
14814 sources found in the area. Sources categorized as shock objects, star forming galaxies
and PAH emission are found within the boundaries of the black lines on the plot. Source
color refers to the WISE 4.6 µm band magnitude.
4.3.2.1 YSO Classification
After removing all of the likely contaminants, we are ideally left with just field stars and
YSO candidates. To identify and classify YSO candidates we followed the K14 procedure.
For convenience we show the YSO classification scheme below, and refer the reader to K14
for details on how the color cuts were developed. Class I objects, essentially YSOs with
significant infalling envelopes of material, are defined by:
w2− w3 > 2.0
w1− w2 > −0.42× (w2− w3) + 2.2
w1− w2 > −0.46× (w2− w3)− 0.9
w2− w3 < 4.5.
(4.10)
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Class II objects, corresponding to YSOs with a significant amount of material in a circum-
stellar disk, are defined by:
w1− w2 > 0.25
w1− w2 < 0.9× (w2− w3)− 0.25
w1− w2 > −1.5× (w2− w3) + 2.1
w1− w2 > 0.46× (w2− w3)− 0.9
w2− w3 < 4.5.
(4.11)
Transition disk objects, which perhaps are a more evolved Class II object, are defined by:
w3− w4 > 1.5
0.15 < w1− w2 < 0.8
w1− w2 > 0.46× (w2− w3)− 0.9
w1 ≤ 13.0.
(4.12)
As most of the sources have corresponding 2MASS counterparts, K14 also developed tech-
niques to identify Class I and Class II objects using 2MASS and WISE data for sources
not classified using only WISE photometry. 2MASS Class I objects are defined by:
H −KS > −1.76× (w1− w2) + 2.55. (4.13)
2MASS class II YSOs are defined by:
H −KS > 0.0
H −KS > −1.76× (w1− w2) + 0.9
H −KS < (0.55/0.16)× (w1− w2)− 0.85
w1 ≤ 13.0.
(4.14)
We are left with the choice whether or not to consider the χ2 and signal-to-noise cuts
from K14, which are designed to minimize the number of fake sources that could be poten-
tially classified as YSO candidates. The cuts are the following:
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Figure 4.4: RGB image of CTB102 in WISE 24, 12, and 4.6 µm. Red circles correspond to
class I sources, magenta to class II, and cyan to transition disks. Source type comes from
the K17 classification given in Table 4.4. Also shown are in white are the regions as seen
in Figure 4.1.
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WISE band 1 (3.4 µm): non-null value for w1sigmpro and w1chi2 < (w1snr − 3)/7.
WISE band 2 (4.6 µm): non-null w2sigmpro.
WISE band 3 (12 µm): w3snr ≥ 5 and either w3chi2 < (w3snr − 8)/8 or
0.45 < w3chi2 < 1.15.
WISE band 4 (22 µm): non-null w4sigmpro and w4chi2 < (2× w4snr − 20)/10,
where snr, chi2, and sigmpro are the source signal-to-noise, χ2, and photometric uncer-
tainty respectively.
Each band cut is applied to the source as that band is required for the classification.
For example, only transition disk objects must pass the WISE band 4 cut, as these are the
only object that require w4 to be classified as such.
When following the exact K14 technique we are left with 18 YSOs. However a visual
inspection of the region shows that 11 of those sources do not appear to be reliable, leaving
us with 7 YSO candidates using the K14 method.
However if we follow the approach used by K17, we can disregard the χ2 and signal-to-
noise cuts and use a visual inspection to identify spurious YSO candidates after the initial
classifications are made. Using this procedure we initially found 128 YSO candidates. The
subsequent visual inspection removed 104 sources leaving a total of 24 YSOs.
The quality checks from K14 are very effective at removing spurious sources, and are
best used when investigating very large spatial regions. For a smaller area, such as in this
study, visual inspection and removal of spurious sources is still practical and results in a
better picture of the YSO population. We find 18 Class I and II YSO candidates using
this technique, 11 more than from using the K14 technique. We also find 6 transition disk
objects, whereas K14 identifies none. A number of the transition disk YSOs appear around
a 24 µm bubble-like structure as seen in Figure 4.4; however, due to the uncertainty in the
evolutionary stage of transition disks, the focus the rest of our study will be on the 18 Class
I and Class II YSO candidates (our ‘best candidate’ sample). The YSO classifications for
this sample based on WISE and 2MASS colors are shown in column 2 of Table 4.4.
124
4.3.2.2 Classification via Spectral Index
In addition to the K14/K17 YSO classification, we also classified the YSO candidates
based on their infrared spectral index (α ≡ d log(λFλ)/d log(λ)). The spectral index was
used to classify the YSOs in canonical system developed by Lada (1987) where Class I
YSOs have α ≥ 0.3, “Flat Spectrum” sources have −0.3 ≤ α < 0.3, Class II YSOs have
−1.6 ≤ α < −0.3, and Class III have α < −1.6.
The spectral index was calculated three different ways and can be found in Table 4.2.
αIR was calculated between 2MASS K-band and WISE w4 using the definition above.
Marton et al. (2013) (αM) defined the spectral index as a weighted average of the slopes
between the successive pairs of WISE bands:
αm = 0.36(w1 − w2) + 0.58(w2 − w3) + 0.41(w3 − w4)− 2.90. (4.15)
Finally, we can determine the slope just between WISE bands 1 and 4 (αW):
αw = 0.488× (w1 − w4)− 2.915. (4.16)
We find that the difference between the spectral index calculated by the various methods
is typically small and does not often change the classification type.
4.3.2.3 Classification via SED Modeling
We also use a method for determining YSO classification by following a procedure similar
to Alexander et al. (2013), using the Robitaille et al. (2007) spectral energy distribution
(SED) fitting tool to match our best candidates to YSO model SEDs from Robitaille et al.
(2006) (also see section 2.2). Initially, we attempt to fit reddened stellar models from Kurucz
(1993) to the SEDs to ensure that the YSO candidates are not actually reddened stellar
photospheres. We allowed Av to vary from 0 – 40 mag. and the distance to vary from 3.6 to
5.0 kpc. As in Alexander et al. (2013), we defined a good fit when χ2/ndata ≤ 2, where ndata
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is the number of points in the observed SED. Results of testing each best YSO candidate
found that none of the sample SEDs meet this condition, with typical χ2 ∼ 1000.
The sources are then matched against the YSO model SEDs using the same fitting tool
and the same ranges for interstellar extinction and distance. For each YSO candidate we
obtain one or more acceptable fitting models having χ2 − χ2best/ndata< 3. We then used
the criteria from Robitaille et al. (2007) to classify each acceptable model based on the
values of the mass accretion rate from the YSO envelope (M˙env), the stellar mass (M?),
and the circumstellar disk mass (Mdisk). Class I YSOs have M˙env/M? > 10
−6yr−1, Class
II YSOs have M˙env/M? < 10
−6yr−1 and Mdisk/M? > 10−6, and Class III YSOs have
M˙env/M? < 10
−6yr−1 and Mdisk/M? < 10−6.
This classification is not always clear-cut since it is possible to find both Class I and
Class II type models, or models with different masses, that are acceptable fits to the source
SED. For example, in Table 4.4 we see that the best-fit model to source 1983 is a Class II
YSO (χ2 = 2.8) with a mass of 4.49. There are also 56 other acceptable models (91.8%
of all acceptable models) that are also Class II YSOs, and there are another 5 acceptable
models (8.2% of all acceptable models) that are Class I YSOs. To quantify this inherent
fuzziness in the YSO classification we calculate a weighted average class-type and mass as
in Alexander et al. (2013). Weights (Pi) for each acceptable model are calculated using:
Pi = e
−χ2i−χ2best
2 , (4.17)
where χ2i is the model χ
2, and χ2best is the χ
2 for the best-fit model. The weighted average
(Ax) of parameter X (in our case this is either the model mass or YSO class) is then
calculated using:
Ax =
ΣXiPi
ΣPi
, (4.18)
where the summation is over all acceptable models. In the case of source 1983, we find an
average YSO class of 1.97, which reflects the fact that almost all of the acceptable models are
Class II, and a weighted average mass of 4.41 M. For source 11025, the WISE classification
is also in agreement with the best SED classification as a class II YSO, but 40% of the well
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fit models actually fit a class I SED. These best-fit SEDs are illustrated in Figure 4.5 and
Figure 4.6, showing that without photometry at longer infrared wavelengths, the models
can only be constrained so far and class I or class II model SEDs can be found to be well fit
to a single source. This fuzziness can also be seen on a color-color diagram (see Figure 4.7).
Even for our small sample size, the color-color cuts show multiple sources that are very close
the boundary of their classification zone. We prefer the average decimal class (column 8 in
Table 4.4) over the strict binary I or II classification, as it provides a quantitative measure
of the uncertainty of any given classification.
Figure 4.5: Best-fit model SEDs for source 1983.
Figure 4.6: Best-fit model SEDs for source 11025.
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Figure 4.7: WISE color-color diagram for WISE 3.4 4.6 and 12 µm bands for our best
candidate YSOs (see Table 4.2 and 4.3). The dashed lines denote color criteria for different
YSO classes as determined by WISE photometry. Red sources in the top box are classified
as class I YSOs, Magenta sources are class II, and cyan sources are transition disks. Note
that the magenta sources not confined to a dashed line region were classified by their 2MASS
photometry.
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Table 4.2: Class I and II YSO candidate infrared data.
Designation ID # W1 W2 W3 W4 J H K Quality Flags αM αW αIR
Mag Mag Mag Mag Mag Mag Mag
J211338.41+522330.8 871 10.58 10.11 8.25 4.91 12.99 11.89 11.15 AAAA AAA −0.29 −0.15 −0.41
J211445.14+523407.2 1205 9.52 7.66 4.36 1.51 18.31 15.12 12.77 AAAA UUA 0.84 0.99 1.58
J211501.34+523548.3 1983 10.18 9.13 6.62 4.31 14.30 12.86 11.93 AAAA AAA −0.13 −0.05 0.13
J211307.59+522534.4 1988 9.74 9.26 8.63 7.14 12.12 11.10 10.43 AAAU AAA −1.76 −1.64 −1.58
J211337.38+521446.8 2927 10.70 9.25 6.80 3.71 16.38 14.50 13.19 AAAA UUA 0.30 0.49 0.87
J211357.37+521250.9 3232 11.29 9.98 6.46 3.67 16.58 15.47 13.49 AAAA UCA 0.74 0.80 1.01
J211250.25+523018.8 3263 9.10 7.98 5.46 3.28 14.23 12.05 10.60 AAAA AAA −0.15 −0.08 0.02
J211312.33+523739.4 3703 11.01 10.43 5.61 4.08 14.93 13.86 12.84 AAAA AAA 0.72 0.47 0.59
J211237.51+523150.4 4446 10.11 8.70 5.05 2.29 15.53 14.35 14.02 AAAA UUB 0.84 0.90 1.77
J211521.16+524050.0 4692 11.91 11.34 7.12 2.58 13.94 13.06 12.62 AAAA AAA 1.61 1.64 1.10
J211226.93+523051.5 5183 10.95 9.93 5.69 3.04 16.83 15.48 14.28 AAAA UBA 1.00 0.95 1.57
J211224.12+523139.3 5549 10.73 9.28 6.41 3.67 17.37 15.03 13.60 AAAA UUA 0.40 0.53 1.06
J211222.15+523113.5 5665 11.13 10.52 5.93 3.06 16.02 14.78 13.88 AAAA AAA 1.15 1.02 1.41
J211220.54+523147.3 5938 10.84 10.30 5.57 2.48 16.07 14.65 13.95 AAAA AAA 1.30 1.17 1.66
J211546.43+521102.3 6879 9.77 8.28 5.39 3.23 16.36 14.05 11.99 AAAA UAA 0.19 0.28 0.59
J211333.92+524623.4 7392 10.814 9.20 7.102 4.768 14.778 13.983 12.418 AAAA UAU −0.16 0.04 0.15
J211154.69+522825.5 8309 10.31 9.89 8.59 4.27 12.93 11.86 11.14 AAAA AAA −0.23 0.03 −0.16
J211437.81+525154.1 11025 10.262 9.87 7.723 4.942 12.794 11.865 11.240 AAAA AAA −0.38 −0.32 −0.39
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Table 4.3: Transition disk object infrared data.
Designation ID # W1 W2 W3 W4 J H K Quality Flags
Mag Mag Mag Mag Mag Mag Mag
J211448.55+523417.1 1299 8.493 8.2 7.539 5.077 13.07 10.379 9.171 AAAA AAA
J211225.28+522351.9 5151 8.331 8.158 7.945 5.144 10.559 9.55 9.009 AAAA AAA
J211152.50+522147.8 8876 9.338 8.95 7.959 4.873 11.693 10.729 10.082 AAAB AAA
J211151.18+522247.2 8885 7.874 7.549 6.906 4.813 10.225 9.326 8.736 AAAB AAA
J211203.64+521614.0 9079 8.958 8.795 9.167 6.091 10.933 10.075 9.582 AAAA AAA
J211144.96+522232.5 9697 8.044 7.683 6.898 4.172 10.071 9.221 8.657 AAAA AAA
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Table 4.4: Best candidate YSO classifications
ID αIR WISE/2MASS Best SED % Match
d Masse Alternate Alt. Massg Avg. Avg. Region
#a Classb Classc (# of Models) (M) Classf (M) Classh Massi(M)
871 Class II Class II (W) Class I (1.5) 93.6% (137) 4.94 Class II (18.7) 4.38 1.00 4.18 2b
1205* Class I Class I (W) Class I (5.7) 60.0% (51) 5.15 Class II (15.1) 11.7 1.01 6.56 2b
1983* Flat Class II (W) Class II (2.8) 91.8% (56) 4.49 Class I (8.4) 3.60 1.97 4.41 2a
1988 Class II Class II (M) Class II (26) 100% (15) 14.6 - - 2.00 14.60 1
2927* Class I Class I (W) Class II (1.1) 91.0% (496) 5.14 Class I (1.2) 6.21 1.89 5.32 2c
3232 Class I Class I (W) Class I (3.0) 69.2% (72) 1.71 Class II (4.4) 7.45 1.43 3.84 2c
3263* Flat Class II (W) Class II (2.1) 98.2% (214) 5.49 Class I (16.5) 6.56 2.00 5.74 1a
3703 Class I Class II (M) Class II (40) 100% (10) 6.89 - - 2.00 6.89 1
4446 Class I Class I (W) Class II (7.7) 91.9% (204) 5.91 Class I (15.2) 6.70 2.00 6.49 1a
4692 Class I Class II (M) Class I (13) 100% (4) 7.15 - - 1.00 7.01 2a
5183 Class I Class I (M) Class II (21.8) 59.5% (25) 6.64 Class I (31) 1.10 1.97 6.44 1a
5549 Class I Class I (W) Class II (0.5) 91.8% (529) 5.49 Class I (3.6) 0.17 1.99 5.81 1a
5665 Class I Class II (M) Class II (28) 20.0% (11) 6.62 Class I (30) 2.89 1.77 5.82 1a
5938 Class I Class II (M) Class I (42) 83.1% (64) 5.62 Class II (53.3) 5.98 1.00 5.05 1a
6879* Class I Class I (W) Class II (3.3) 95.4% (267) 5.26 Class I (8) 4.92 1.99 6.24 -
7392* Flat Class II (W) Class II (20.6) 82.5% (14) 4.16 Class I (35) 3.07 2.00 4.12 1
8309* Flat Class II (W) Class I (33) 100% (10) 5.18 - - 1.00 5.19 1
11025 Class II Class II (W) Class II (2.5) 60.0% (152) 5.45 Class I (4.2) 3.14 1.62 4.53 -
a All sources were verified by eye, * sources also meet the photometry quality cuts from K14.
b Source classification based on the criteria in K14 and K17, where W denotes the classification was based solely on WISE data and M
was classified including 2MASS data.
c Source classification based on YSO models best-fit to the source SEDs and classification scheme from Robitaille et al. (2006) and the
χ2 of the fit.
d Percentage of good fit YSO models that are the same classification type as the best-fit and the number of models that fit.
e Stellar mass of best-fit YSO model.
f The classification of the best-fit model with a different YSO class than the best-fit along with the χ2 of the fit. In some cases alternate
classifications are not present because each good-fit model are the same class as the best-fit.
g Stellar mass of the alternative classification best-fit YSO model.
h Weighted average decimal classification based on the χ2 for each good fit model.
i Weighted average mass for each good fit model.
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We see that in Table 4.4 that there is a slight preference of classification depending on
the region where the YSO is located. Regions 1, 1a, 2a, 2b, and 2c have average YSO
classifications of 1.77, 1.78, 1.48, 1.33, and 1.66, respectively. We notice that the more
evolved YSOs (class II) tend to be in region 1 and closer to the main HII region, whereas
younger YSOs tend to be found in region 2. This may be indicative of separate generations
of star formation, where regions 2a, 2b, and 2c are younger because they are located further
from the central powering O star(s) in region 1. We should be cautious however, due to the
small sample sizes in regions 2a, 2b, and 2c.
4.3.3 Star Formation Efficiency
The YSO candidates in the CTB 102 molecular clouds detected by WISE are primarily
intermediate- and high-mass objects. Best-fit masses range from 1.71 – 14.6 M, and
weighted masses range from 3.84 – 14.6 M. To explore if our WISE data are simply not
sensitive to lower-mass YSOs, we used the YSO model photometry from Robitaille et al.
(2006) to calculate the average apparent magnitude in the Spitzer 4.5 µm band (I2) for
Class I and Class II YSOs in two mass bins (0.5 – 1 M and 1 – 2 M). Since the Spitzer
4.5 µm and the WISE 4.6 µm filters are very similar (e.g., Jarrett et al. (2011)) we assume
that the magnitudes are identical for the purpose of this calculation. Each bin contained
approximately 1000 models sampling a wide range of disk and envelope properties as well
as sampling ten different viewing angles. The average values found for each bin were,
Class I, (1 – 2 M ): 14.0 (2.3); Class I (0.5 – 1 M ): 14.9 (2.3); Class II, (1 –2 M ):
14.4 (1.2); and Class II, (0.5 – 1 M): 15.6 (1.3). The uncertainties, given in the parentheses
after the average, were calculated by adding in quadrature the standard deviation due to
model variations and the average standard deviation caused by the variable viewing angle.
WISE has a 5σ sensitivity at 4.6 µm of w2 ∼ 15.6 mag (Wright et al., 2010). Comparing
this with the average YSO model magnitudes we see that any observations of sub-solar
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YSOs will be incomplete, and we conclude that the lack of low-mass YSOs in our sample is
most likely an observational limit reflecting the sensitivity of the WISE data.
To determine the total stellar mass, we can extrapolate our observed sample of YSOs
down to sub-solar masses using an IMF of the form dN/dM = Mα, normalized to the
number of 6 − 7 M YSO (see Table 4.4). If we just fit a power law to our sample of
18 YSOs, we obtain α = −1.23 ± 0.42; however, this very flat slope is likely caused by
the incompleteness issues as previously discussed and is almost certainly not appropriate.
To test this effect, we designed a simulation to observe how incompleteness influences an
observed IMF. This was done by simulating clusters with four different IMF slopes, α =
1.35, 1.85, 2.10, and 2.35, and stellar masses ranging between 2 – 14 M (the range of mass
values in Table 4.4). For each different cluster IMF, we simulated sample sizes of 3, 10, 18,
30, 100, 300, 1000, and 3000 YSOs. Each simulation was run 1000 times per sample size.
We found that the observed IMF slope does not approach the actual value until the sample
reaches approximately 100 in size (see Figure 4.8). For very small YSO sample sizes, it is
essentially impossible to get the true IMF slope from the observations.
For a Salpeter (1955) (α = −2.35) IMF, we find that a random selection of 18 YSOs
will produce α = −1.44 ± 0.10, matching within the errors of our observed IMF (black
box in Figure 4.8). We also see that our observed IMF is consistent with other power laws
within the large standard error for small sample sizes, but we find no reason to not follow
α = −2.35 in estimating the cluster mass in our case. Using α = −2.35, we use the 6 – 7
M YSOs from Table 4.4 in each region to normalize our IMF, and extrapolate down to
the sub-solar mass regime to determine the cluster mass.
The star formation efficiency (SFE), MCluster/(MCluster + MGas), was found by consid-
ering three different cluster masses. We first look at only our sample of detected YSOs
to determine the cluster masses within each region, thus setting a lower limit of the SFE
(SFEMin in Table 4.5). We also use a Salpeter (1955) IMF with α = −2.35, for 0.5M  ≤ M
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Figure 4.8: Derived IMF slope α, as a function of the number of randomly selected sources
from a cluster of YSOs following different initial mass functions. Red dots correspond to a
cluster with the initial mass function dN/dM = M−2.35, purple follow M−2.10, blue follow
M−1.85, and green follow M−1.35. Error bars correspond to the standard error of the mean
for 1000 simulated clusters. The black box corresponds to our observed IMF slope based
on the 18 YSO candidates.
< M,Max and α = 0 for 0.08M  < M < 0.5M . Finally, we derived an alternative cluster
mass using the same IMF, but ignoring YSOs with M < 0.5 M (SFEAlt. in Table 4.5).
Table 4.5 shows our calculated star formation efficiencies for each of the subdivided
regions and in total. We find that the total SFEMin is 0.18%, which is quite low. However,
this is to be expected, as the sensitivity of WISE keeps us from observing low-mass YSOs
that are likely there, causing the total YSO mass of our sample to be much smaller than
what might be expected. We calculated more realistic values using stellar masses determined
from the IMFs we assumed, where the total SFE and SFEAlt. range between ∼ 5 – 10%.
This range is close to typical values found in giant molecular clouds as seen in Evans et al.
(2009), where they found the SFE of molecular clouds on the scale of 10 – 70 pc2 to be
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Table 4.5: Cluster Masses and Star Formation Efficiencies
Region 1 1a 2 2a 2b 2c Total
# of YSOs (Class I and II) 9 6 6 2 1 2 18
YSO Massa (M) 75.2 35.5 27.2 11.4 6.6 9.2 108.2
SFEMin 0.4% 0.5% 0.07% 0.1% 0.06% 0.07% 0.18%
Cluster Mass (Log M) 3.64 3.52 3.5 3.20 3.20 3.19 3.87
SFE (12CO )b 19.4% 33.9% 7.1% 13.7% 12.1% 10.1% 11.1%
SFE (virial)c 10.5% 23.2% 5.8% 8.0% 8.7% 5.8% 7.8%
Alt. Cluster Mass (Log M) 3.5 3.34 3.32 3.03 3.03 2.68 3.70
SFEAlt (
12CO ) 13.7% 25.3% 4.8% 9.7% 8.5% 3.4% 7.8%
SFEAlt (virial) 7.4% 16.6% 3.9% 5.6% 6.1% 1.9% 5.4%
a Sum of average YSO masses in the region (see Table 4.4).
b Star formation efficiency based on the cluster mass and the 12CO mass.
c Star formation efficiency based on the cluster mass and the virial mass.
between 3 – 6%, and in Evans and Lada (1991), where they found the SFE of L1630 to be
3 – 4% over a 40× 60 pc region.
We found the SFE for region 1a to be between 17 and 35%, strikingly high for a ∼ 5×5
pc region. Such values are not unheard of, Lada (1992) finds that massive cores in GMCs
can show a SFE between 30 – 40%. Tachihara et al. (2002) also calculated the SFEs for a
large sample of 179 cores finding an average SFE of ∼10%, with a values as high as 40%.
However, these cores have sizes on the scale of fractions of pc, much smaller than region 1a.
While SFEs this high are not outlandish, we found that this is a particularly interesting
region considering its size.
4.4 Summary
We introduce the first high resolution 12CO and 13CO images of the enormous CTB 102
HII region and present mass estimates using multiple techniques. We also use WISE and
2MASS archival data to determine the characteristics of the YSO population. We finally
determine the star formation efficiency by adopting an IMF to estimate the young stellar
mass populations in the molecular cloud.
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Using the different techniques described in subsection 4.3.1, we determined the mass of
the region as a whole as well as subdivided regions, based on their 12CO and 13CO integrated
maps. Using the column density determination from 13CO measurements, we calculate the
mass of the entire molecular cloud to be roughly 104.07 M, which we consider to be a lower
limit (Simon et al., 2001; Szu˝cs et al., 2016). We also determine the mass using 12CO and
virial method estimates, which are expected to recover the gas mass within a factor of two
(Szu˝cs et al., 2016), giving a mass range of 104.8 − 105.0 M.
Using the YSO detection and classification methods from K14 and K17, we found 18
class I and class II YSO candidates. Our study reveals pockets of intermediate-mass star
formation, closely associated with the high 12CO and 13CO concentrations seen in Figure 4.1
and Figure 4.4. The lack of observed low-mass YSOs (M < 2 M) is very likely a selection
effect due to the sensitivity of the WISE bands and the distance of the molecular cloud.
We also noticed that the average YSO classification may depend on position within the
molecular cloud. We found the average YSO class for region 1 and 2 to be 1.74, and 1.47,
respectively. This may be indicative of separate generations of star formation, potentially
stemming from a O star(s) powering CTB 102. However, we should take caution here due
to the small sample sizes, as there are only 7 YSOs in region 2 and 9 YSOs in region 1.
We also found a number of transition disk objects, and although we do not study them
in detail, we saw that they appear in a region without any significant amount of 12CO or
13CO. Interestingly, the majority of them instead appear towards the center of a bubble-like
structure and around the rim. This can be seen in the mid-Infrared WISE wavelengths and
at 1420 MHz, outside of regions 1 and 2c (see Figure 4.1 and Figure 4.2).
Finally, we investigated the star formation efficiency within the subdivided regions of
the molecular cloud, as the regions may be different populations based off of their YSO
classification. To determine the stellar mass for the regions, we adopted a Salpeter (1955)
IMF powerlaw based on the YSO populations and determine the SFEs (see Table 4.5). We
found the SFE of the entire molecular cloud to be 5 – 10%, where typical GMCs have SFEs
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ranging from 3 to 5% (Lada, 1992; Evans et al., 2009). We also found that region 1a has a
much larger SFE, on par with that of a star forming cores, though region 1a is much larger
in size than a typical core.
4.5 Conclusions
In this paper we introduced the first high resolution 12CO and 13CO observations of the
molecular clouds associated with the enormous CTB 102 HII , which were obtained using
the recently commissioned SEQUOIA-TRAO system. We find that the what remains of the
original molecular cloud that formed CTB 102 has separated into at least two main regions,
as seen by the strong divide in the 12CO and 13CO maps (see Figure 4.1). The total mass
of the remnant molecular cloud is 104.8 − 105.0 M.
The molecular cloud contains ongoing star formation as seen by the presence of 18
intermediate-mass YSOs within the cloud. When comparing the pockets of star formation,
we found that there is a difference in the average YSO class between them, suggesting there
are at least two separate generations of star formation. The YSO class gradient is consistent
with star formation moving sequentially through the molecular cloud away from the main
HII region.
We find that the star formation efficiency of the molecular cloud as a whole is comparable
with the SFE found for GMCs. However, with a SFE between 17 – 35%, region 1a has a
SFE much higher than what would be expected for a region 5 × 5 pc in size. Given this
high SFE, we think this region is an embedded massive protocluster, similar to the nearby
embedded protoclusters discussed in Lada and Lada (2003), but on a larger mass and spatial
scale.
4.6 Additional Material
Best-fit Robitaille et al. (2006) SEDs for the 18 YSOs found in CTB 102. Best fits are
in black with acceptable fits in grey.
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Figure 4.9: Best-fit SEDs for the young stellar objects found in CTB 102.
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Figure 4.10: Best-fit SEDs for the young stellar objects found in CTB 102.
4.7 Addendum
After careful consideration of the data from this study, we determined that the sample of
18 YSOs does in fact follow closely to a Salpeter (1955) IMF (discussed in subsection 4.3.3).
We also found that there are certain assumptions not taken into account in our cluster
simulation (see Figure 4.8), leading to underestimates of the true IMF. Please see published
version for full corrections.
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CHAPTER 5. STAR FORMATION IN THE CEPHEUS COMETARY
CLOUD
A paper to be submitted to The Monthly Notices of the Royal Astronomical
Society.
Brandon Marshall1 & C. R. Kerton1
1Department of Physics & Astronomy, Iowa State University, 2323 Osborn
Dr., Ames IA 50011, USA
5.1 Introduction
In this chapter we present a study of a molecular and atomic cometary cloud (l = 115◦,
b = 8.5◦) discovered in the high-latitude extension of the Canadian Galactic Plane Survey
(CGPS; Taylor et al. (2003)) that we believe to be related to the Cepheus OB3 association
(Cep OB3). The Cep OB3 association contains at least 20 OB stars younger than type B1
(Simonson and van Someren Greve, 1976b) and the molecular clouds being shaped by these
high mass stars have been well studied. Crawford and Barnes (1970) put the distance to
the OB association at 725 pc. More recent estimates find rough agreement and place the
association at 700 pc (Kharchenko et al., 2005; Melnik and Dambis, 2009).
The region as it sits today comprises of two main subgroups of stars with ages 8×106 and
4× 106 years, based on their positions on color-magnitude diagrams (Blaauw, 1964). These
timescales are consistent with the age of the OB stars in the region, the youngest being an
O7 V (Garrison, 1970). There are also a number of subgroups of molecular clouds along the
edge of the association, measuring ∼ 20 × 60 pc. These clouds are likely leftover material
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Figure 5.1: Erosion of nearby molecular clouds by O stars. Distance between the central
star and the furthest neutral condensation is ∼ 50 pc. Figure 4 from Whitworth (1979).
from when the association originally formed, having a mass of approximately 5× 103 M,
based on 12CO and 13CO observations from Sargent (1979).
Observations and models suggest that much of the original molecular cloud that an
association forms within, will disperse after a few Myr. The remnant material may become
very asymmetric, with diffuse filaments that have bright edges towards the powering source
can extend out to ∼ 50 pc (illustrated by the schematic in Figure 5.1).
Despite how vastly Cep OB3 has been surveyed, Kerton (2010) (hereafter K10) presented
a small, previously unstudied cometary cloud, likely associated with the OB association.
Based on the 12CO data, the cloud is placed at V LSR = −8 km s−1 (K10). Using the
distance calculator from Reid et al. (2016) (see subsection 3.3.2 for further description), we
are in agreement with the K10 distance to the molecular cloud, finding the distance to be
750 ± 90 pc, placing it at the same distance as the Cep OB3 complex. K10 found that at
this distance, the cloud measures approximately 2.1 pc in width and 12 pc in length. We
propose that this cometary cloud is a fragment of the original Cep OB3 molecular cloud,
equivalent to one of the ‘neutral condensations’ as seen in Figure 5.1, where the shape
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and star formation activity is a result of Cep OB3. The Cepheus cometary cloud was also
compared with two other molecular clouds in the W4 complex that also have a cometary
shape (see Table 5.1).
Figure 5.2: Integrated 12CO map of the Cepheus cometary cloud from V LSR = −5 to −10
km s−1. The blue contour corresponds to a column density level of 1021 cm−2.
Multiple techniques were used to determine the mass of the cometary cloud in section 5.2.
We used color-color cuts and SED fitting to determine the YSO content of the cloud, which
we explore in section 5.3. We also found that the Cepheus cloud, as well as the W4, clouds
have similar properties as the model molecular clouds shown in the simulations of radiation-
driven implosion by Bisbas et al. (2011). This possible origin of star formation activity in
the clouds will be discussed in section 5.4. Summary and conclusions follow in section 5.5.
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Table 5.1: Properties of cometary clouds.
Property W4-A W4-B Cepheus
Distance 2.2 kpc 2.2 kpc 750 pc
Length 37 pc 16 pc 12 pc
Width 4.2 pc 2.3 pc 2.1 pc
Mass 4000M 1500M 500M
IR Sources Yes No Yes
1.4 GHz Yes No No
Stars IC 1805 IC 1805 Cep OB3
Stars – Cloud Separation 17 pc 50 pc 70 pc
Table 1 from Kerton (2010).
5.2 Mass Determination
We used the same methods discussed in subsection 4.3.1 to determine the mass of the
head of the Cepheus cometary cloud. We defined an ellipse around the large contour of the
integrated 12CO map (see Figure 5.2) with semi-major and semi-minor axes of 2.2 and 2.1
pc, respectively. To determine the background level, we shaped an elliptical annulus around
the entire molecular cloud and took the median value. We calculated the column density of
molecular hydrogen (NH2) from Equation 4.1, assuming XCO = 2.3 × 1020 (K km s−1)−1.
This value for XCO has been determined to be a very reasonable average and applicable
for a wide range of environments in the Milky Way (Gong et al., 2018; Szu˝cs et al., 2016;
Bolatto et al., 2013). Assuming the distance we calculated from Reid et al. (2016) (d =
750 pc) and mean molecular weight of 2.8, we determined the mass to be approximately
200 M.
We also determined the mass of the head of the cloud to be ∼300 M using the virial
method. Further explained in subsection 4.3.1, this method allows us to determine the mass
based on the velocity dispersion of the cloud using Equation 4.3 (Szu˝cs et al., 2016). We
found the the velocity dispersion within the head of the cometary cloud to be 0.37 km s−1
and calculated the geometric radius of 2.15 pc, based on the semi-major and semi-minor
axes of the ellipse defined for the XCO mass determination. As we found in subsection 4.3.1,
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virial estimates give a slightly higher value than estimates based on the column densities
calculated from the 12CO . Both of these methods should be accurate within a factor of two
(Szu˝cs et al., 2016), placing the true mass likely between 200− 300 M.
5.3 Infrared Analysis
Located in the head of the Cepheus cloud is a single IRAS source (IRAS 23153+6938)
with a rising infrared spectrum through 100 µm, indicative of star formation. As the
molecular cloud is a few degrees out of the Galactic plane, we use the all-sky infrared
surveys WISE and 2MASS to search for YSOs at a higher resolution. We queried the
AllWISE catalog within a 23′ radius, centered on l = 115◦, b = 8.5◦, using no additional
constraints. The search retrieved 9816 WISE sources along with their nearest coincident
2MASS source (≤ 3′′). We used the same contaminant removal process as described in
section 4.3 to eliminate sources with the same infrared colors as star-forming galaxies, shock
objects, AGN, PAHs, and AGB stars. We also used the same YSO classification schemes as
described in Koenig and Leisawitz (2014) (K14) and Kang et al. (2017) (K17) to separate
the candidates into class I, class II, class III, and transition disk objects (final candidates
shown in Table 5.2, Figure 5.3). As discussed in subsubsection 4.3.2.1, for small regions,
we prefer a visual inspection (K17), as the K14 WISE quality cuts can be over-stringent in
its source removal. Using the K17 method, we found one class I objects, nine class II, and
two transition disk objects. We do note, however, that in this case, the WISE quality cuts
would only remove a single class II candidate.
We also used spectral index classification as a check against the class that was found
using the K17 and K14 color-color cuts. We calculate these using the canonical definition,
α ≡ d log(λFλ)/d log(λ), Equation 4.15, and Equation 4.16 (described further in subsubsec-
tion 4.3.2.2). Each method for spectral index determination agreed reasonably well with
each other, though we preferred the αIR classifications, as they are calculated using the
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Figure 5.3: RGB image of the Cepheus cometary cloud. Colors show WISE 22, 12, and 4.6
µm. Class I source candidates shown as blue circles, class II candidates as red circles, and
transition disk objects as green squares.
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Table 5.2: Candidate YSO identification and photometry
2MASS ID # W1 W2 W3 W4 J H K
Mag Mag Mag Mag Mag Mag Mag
J231848.39+695452.6 404 12.193 11.407 9.078 6.632 15.031 14.337 13.752
J231730.70+695531.6 597 10.7 9.894 7.961 6.482 14.173 12.86 12.199
J231721.92+695532.4 738 10.397 8.896 6.198 3.223 15.139 13.316 11.834
J231720.55+695522.0 795 10.028 9.342 7.633 5.86 12.391 11.279 10.81
J231712.11+695457.1 1023 12.093 11.681 9.897 7.169 14.33 13.176 12.72
J231702.72+695326.1 1536 12.182 11.459 9.463 7.357 14.749 13.552 12.985
J231801.69+694816.6 2258 10.801 10.357 8.085 5.188 12.767 11.927 11.459
J231652.07+700552.8 2507 10.949 10.734 9.572 7.579 12.405 11.618 11.300
J231544.39+695118.2 4798 12.663 11.836 10.198 7.67 15.707 14.578 13.785
J231509.14+695654.8 5460 11.944 11.539 9.203 7.7 13.593 12.732 12.401
J231839.50+701715.6 6407 10.923 10.618 9.206 6.790 12.570 11.690 11.278
J231518.53+694913.4 6611 12.262 11.838 10.409 7.079 14.244 13.357 12.864
J231453.75+695109.3 7230 11.948 11.546 9.461 7.588 14.133 13.228 12.734
largest wavelength range. We also see that the spectral index classification match very well
with the class as determined by using the K14 and K17 methods (see Table 5.3).
Finally, we classified the YSOs using the SED fitter from Robitaille et al. (2006), with
photometry from WISE and 2MASS shown in Table 5.4, and Figure 5.4. Columns 2, 3, and
4 of the table show the classification based on the infrared spectral index, the K17 method,
and the best-fit SED, respectively. In column 5 we show the percentage of models that
agree with the lowest χ2 model. Columns 6, 7, and 8 show the weighted average class, the
mass of the lowest χ2 model, and the weighted average mass, respectively. We use the SED
fitting program to output a set of models for χ2−χ2best/ndata< 3. This is actually a slightly
higher χ2 threshold than required for most of the sources, as the average mass/classification
is least affected by the largest χ2 values. We use this large threshold to fit more models for
the small number of sources that do not have large populations of best-fit models to better
quantify the uncertainty in the classification. We use Equation 4.17 and Equation 4.18 to
determine a weighted average of the class and mass of the YSOs based on the χ2 of the
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Table 5.3: Infrared spectral indices
# αM αW αIR
404 −0.27 −0.20 −0.06
597 −0.89 −0.86 −0.62
738 0.41 0.59 0.53
795 −0.94 −0.88 0.07
1023 −0.61 −0.51 −0.69
1536 −0.63 −0.56 −0.65
2256 −0.24 −0.18 −0.40
2507 −0.98 −0.90 − 1.41
4798 −0.63 −0.48 −0.46
5460 −0.79 −0.84 −1.02
6407 −1.34 −1.27 −1.11
6611 −0.56 −0.39 −0.59
7230 −0.79 −0.79 −0.85
best-fit models to the source SEDs. We find that these average values match less frequently
with the other classificaiton methods, matching roughly 50% of the time.
We note that sources 738 and 795 have weighted classifications of 1.001 and 1.927,
respectively, meaning that these sources have fairly small uncertainty in their classification.
These two sources are found to the center of the associated IRAS point source. For source
738, we see in Figure 5.5 that most of the best-fit models tend to have very large excess
in the far-infrared, indicative of a class I object (Figure 1.5). Illustrated in Figure 5.6, we
see how the weighted average changes as we add in each subsequent acceptable model. We
see that the first 40 models for source 738 fit models correspond to class I objects. The
next few models that fit the SED are class II models, but their χ2 weight is not enough to
appreciably change the weighted average. We see that this is essentially a class I source,
with the average settling just above 1.002. We also note that there is very little change in
classification when adding each additional model. We use the same illustration to show how
the weighted mass changes with each additional model. For source 738, the best-fit model
is at 1.2 M, but eventually settles down to 0.7 M.
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Figure 5.4: Best-fit SEDs for the young stellar objects found in the Cepheus cloud.
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Table 5.4: YSO candidate classifications
# αIR K17 Class SED Class (χ
2) Percent Match Avg. Class Mass Avg. Mass
(M) (M)
404 Flat Class II I (11.7) 42.9% (15) 1.148 0.134 0.449
738 Class I Class I I (5.421) 89.1% (98) 1.001 1.214 0.702
795 Flat Class II I (1.035) 8.5% (183) 1.927 1.460 1.925
1023 Class II Class II I (0.757) 62.9% (567) 1.040 0.204 0.227
1536 Class II Class II I (0.532) 43.7% (680) 1.528 0.176 0.342
2258 Class II Class II I (0.824) 76.4% (372) 1.247 0.129 0.843
4798 Class II Class II I (1.714) 75.7% (339) 1.175 0.105 0.415
5460 Class II Class II II (1.21) 83.3% (1721) 1.847 1.467 0.616
6611 Class II Class II II (2.075) 26.2% (48) 1.550 0.510 0.480
7230 Class II Class II I (2.142)) 31.3% (720) 1.580 0.118 0.402
T.D.
2507 Class II T. Disk II (0.814) 92.3%(2353) 1.70 0.56 0.74
6407 Class II T. Disk II (0.753) 75.7%(1173) 1.32 1.92 0.61
AGB
597 Class II Class II II (8.182) 98.5%(135) 1.9999 2.089 2.234
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Figure 5.5: Best-fit model to the flux densities for source 738. Best-fit in black, and the
rest of the acceptable models defined by χ2 − χ2best/ndata< 3.
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Figure 5.6: Moving average of classification and mass for source 738. Blue line corresponds
to the weighted average class based on the number of best acceptable models displayed on
the Y-axis, i.e., # of Models = 10 corresponds to the weighted average for the best 10 model
SEDs. Red line corresponds to weighted average of the mass using the same method as the
weighted class. Note the small range of the Class axis compared with Figure 5.8.
Source 795 illustrates why, in general, we prefer the weighted average approach over a
single best-fit model and why far-infrared data is so important for source classification. In
Figure 5.7, we see that there is a small set of acceptable class I models due to the slight rise
in the spectrum at WISE w4 point, compared with the nearly 2000 other acceptable class
II models. In Figure 5.8, we see that the single best-fit to the source SED is a class I model;
however, the average quickly begins to approach class II with the addition the subsequent
acceptable models.
Using the weighted mass of the YSOs, we used this to estimate the total stellar mass
of the region, as we are not limited by WISE sensitivity at this distance. We found that
the total stellar mass is ∼ 8 M, which puts the star formation efficiency between 2.5 and
3.5 %, depending on the correct mass of the cloud.
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Figure 5.7: Best-fit models to the flux densities for source 795, as in Figure 5.5
Figure 5.8: Moving average of classification and mass for source 795, as in Figure 5.6
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5.4 Radiation-Driven Implosion?
The Cepheus and the W4-A cometary clouds (Figure 5.9) bear a striking resemblance to
the simulations of radiation-driven implosion produced by Bisbas et al. (2011). We see that
the W4-A resembles a tear-drop shape, comparable to the set of simulations on the bottom
of Figure 5.10. The Cepheus cloud resembles the top row of simulations in Figure 5.10,
where the front of the cloud has been flattened and the position of star formation is offset
from the flat edge of the cloud. The difference in the shapes of the simulated clouds is
caused by the degree of incoming photoionization flux. Analogously, the difference in the
shapes of W4-A and the Cepheus cloud may be caused by the difference in their proximity
to their respective OB associations (see Table 5.1).
Figure 5.9: 12CO integrated maps of W4 (left) and Cepheus (right) cometary clouds. Image
on the left shows 12CO emission at V LSR = −40.02 km s−1. The image on the right shows
12CO emission from V LSR = −5 km s−1 to −10 km s−1. Figure 1 from K10.
The Bisbas et al. (2011) suite of simulations model the effect of an incoming photoion-
ization flux on a cloud with M cloud = 5 M, Rcloud = 0.3 pc, and distance from the ionizing
star Dcloud = 10Rcloud = 3 pc. They run their simulations for the range of ionizing flux
ΦLyC = 10
9 – 1012, where ΦLyC is the number of Lyman continuum photons in units of
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Figure 5.10: Surface density images of the simulated cloud for different strength ionization
fluxes. The times are noted in the corner of each panel, in Myr, and shown at the moment
of first star formation. The color bar gives log10(Σ/g cm
−2), where Σ is the surface density
and the axes are in pc. Panels 1, 2, 3, 4, 5, and 6 have corresponding ionization fluxes
(ΦLyC) of 10
9, 3× 109, 1010, 3× 1010, 1011, 3× 1011, respectively.
cm−2s−1. They found that in all of their simulations, the Lyman continuum photons erode
the cloud from one side and the ionized gas flows into the surrounding region. They also
found that there is a range of ΦLyC that appeared to promote triggered star formation. For
simulations where ΦLyC is in the range 10
9 cm−2s−1 . ΦLyC . 1011cm−2s−1, the ionization
flux would cause the cloud to implode and produce stars. For ΦLyC on the lower end of their
range, the cloud would flatten at the front and material would be channeled into a dense
filament along the axis of symmetry. For ΦLyC on the higher end, the material would gather
together rapidly and initiate star formation at the edge of the cloud (see Figure 5.10). For
simulations where the Lyman continuum flux was too low, the cloud would slowly erode
and if the flux is too high, the cloud would rapidly ionize and disperse.
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For the Cepheus cometary cloud, the source of ionizing photons is believed to come
from the Cep OB3 association of stars. Garmany and Stencel (1992) gave spectral types for
nearly 30 stars from this association, showing that there are three O-type stars within the
association with spectral types O7 V, O8.5 V, and O9 IV. Using stellar parameters from
Panagia (1973), and assuming that the stars are 70 pc away from the cometary cloud, we
estimate an ionizing flux of 1.7× 107 cm−2s−1 (NLy = 1049s−1). This value is roughly two
dex lower than the star formation “sweet spot” found in the Bisbas et al. (2011) simulations.
Nevertheless, we still see that the Cepheus cloud has a U-shaped structure and stars are
forming along a filament down the center of the cloud; both signatures of low ionization
fluxes incident on one side of the cloud. While the low flux from the association appears to
argue against radiation-driven implosion, the process is is also dependent on the properties
of the cloud as discussed by Bertoldi (1989).
Bertoldi (1989) introduced a number of dimensionless parameters that characterize the
initial state of clouds that are interacting with ionizing radiation, and produced a phase
space diagram to distinguish how the cloud will react to the incident radiation given its
initial conditions. The dimensionless parameter defining the column density of the initial
cloud η, is given by
η ≡ 702r0,pcn0,3, (5.1)
where n0,3 is the number density of the nuclei in the cloud and r0,pc is the initial cloud
radius. The ionization parameter Γ combines the incident flux and density,
Γ ≡ 2.79× 10−3 S49
R20,pcn0,3
, (5.2)
where S49 is the photon rate in 10
49s−1 and R0,pc is the distance from the source. Γ can be
interpreted by relative density of the ionizing radiation field at the distance of the cloud.
The velocity of the initial ionization shock front is described the the dimensionless parameter
ν, given by
ν ≡ 12.2×
(
S49
R20,pcn0,3
)1/2
. (5.3)
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The photoevaporation parameter ψ, is given by
ψ ≡ 5.15× 104
(
S49r0,pc
R0,pc
)2
, (5.4)
which can be interpreted as the absorption efficiency of the ionized gas at the surface of the
cloud. A large value of ψ implies that the gas recombines quickly and absorbs more of the
incoming photons. A small value of ψ implies that recombinations are not important, and
essentially all the Lyman continuum photons reach the ionization front. Finally Bertoldi
(1989) defines δ′ as the width of the instantly ionized cloud layer relative the the cloud size,
given by
δ′ ≡ 5.23× 10−2 S49
n0,3r0,pcR20,pc
. (5.5)
In Figure 5.11, we plot the current state of of the W4-A, W4-B, and Cepheus cometary
clouds, as well as an estimated initial state of the Cepheus cloud. Region I in the figure
defines the conditions in which the cloud is unaffected by the incoming ionization front. Here
the incoming photon flux is simply too low in relation to the column density of the cloud.
For higher column densities, the photon flux can grow slightly larger and the cloud will still
be unaffected. Region II defines the conditions in which the cloud will be compressed by
the ionization front and implode. The incoming flux of photons has increased in relation to
region I, and we again see that for increasing column densities clouds can stay in the cloud
implosion parameter space for increasing values of ionization flux. Region III represents the
conditions at which the ionized gas at the front of the cloud recombines at a rate that helps
to shield the rest of the cloud, limiting the speed at which the ionization front can travel
through the cloud. Region IV defines the conditions in which the ionization parameter is too
high and/or the column density of the cloud is too low, causing the cloud to be completely
ionized (or “zapped”) by the initial ionization front.
The current state of the Cepheus cloud, as well as both of the W4 cometary clouds fall
within region II, the radiation-driven implosion parameter space. This parameter space is;
however, is for the initial cloud properties, when the cloud first encounters the ionization
shock front. We make estimates for the initial conditions of the Cepheus molecular cloud
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Table 5.5: Molecular cloud and ionization source properties
Parameter W4-A W4-B Cepnow Cepinit
a Bisbas et al. (2011)b
R0 (pc) 17 50 35 70 3
r0 (pc) 4.2 2.3 5 2.0 0.3
n0 (10
21 cm−2) 3.8 1.3 0.3 2.0 1.7 – 5.1
S49 (s
−1 ) 10 10 1 1 0.1 – 300
aColumn values are estimates, see text.
bColumn values are from simulations.
and summarize all the cloud characteristics in Table 5.5. The initial conditions of the cloud,
in general, would push the cloud up and to the left in this phase space, as the initial cloud
would be less dense before the ionization flux hit. As the cloud material compresses, η
increases and Γ decreases, thus the observed, current, cloud properties provide an upper
limit to η and a lower limit to Γ
In addition Material is also photoevaporating off of the surface, and due to the rocket
effect, first discussed by Oort and Spitzer (1955) and Kahn (1954), the cloud to be launched
away from the source, leaving material behind. This would imply that the cloud was
also initially closer to Cep OB3, effectively causing a drop in Γ over time. Again the
observed conditions provide a lower limit to Γ. We also plot a set of the Bisbas et al. (2011)
simulations on the phase space based on their model parameters, finding that they span
through regions II, III, and IV.
W4-A appears to have the V-shaped structure that is shown in their suite of simulations
that have high incident ionizing fluxes, where star formation occurs at leading edge of the
cloud. This seems reasonable as IC 1805 has a larger population of O stars and is only 17 pc
from the head of the cloud. Our estimates found the incoming ionization flux to be at the
lower end of the Bisbas et al. (2011) range of radiation-driven implosion models(ΦLyC ≈ 109
cm−2s−1). All things considered, the initial parameters of the Bisbas et al. (2011) suite of
simulations are very different in size and column density of the current state of the W4 and
Cepheus cometary clouds.
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Figure 5.11: Initial cloud parameter space. Blue dots in the figure correspond to the current
positions of the Cepheus, W4-A, and W4-B cometary clouds. The red dot connected with
the Cepheus cloud corresponds to our estimate of the cloud in its initial state, and the
red squares correspond to the values of the Bisbas et al. (2011) for the different levels of
ionization front. Parameters and regions discussed in text. This figure is adapted from
figure 1 in Bertoldi (1989).
Bisbas et al. (2011) found that due to a weak shock front from the low flux, material
converges along a filament down the axis of symmetry, where star formation first occurs.
Although the Cepheus and W4 clouds are at the lower end of the their star formation range,
we find that the initial parameters of the Cepheus and W4 clouds make them ideal candi-
dates for radiation-driven implosion. Where the Cepheus cloud currently sits (and likely
where it sat before) is in the correct parameter space for radiation-driven implosion. We
even found that the position of the star formation in the Cepheus cloud shows a resemblance
of the low ionization flux simulations. Again, we see a similar situation in Figure 5.3, where
there is a pocket of star formation, almost in a line perpendicular to the flat, exposed face
of the cloud. Figure 5.12 shows the simulation from panel 2 of Figure 5.10 at a later time
in the simulation. The three sources marked A are stars that have already been overrun
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by the ionization front and therefore their accretion has been terminated. Similarly, we see
in Figure 5.3 that the transition disk objects, likely the most evolved objects in the region,
are found out in front of the head of the cometary cloud.
Figure 5.12: Surface density image at t = 0.68 Myr. This filament corresponds to simula-
tion 2 (see panel 2 in Figure 5.10) at a later time in the simulation. The color bar gives
log10(Σ/g cm
−2), where Σ is the surface density and the axes are in pc.
5.5 Summary
We found that radiation from high-mass stars still have a large impact on molecular
clouds at large distances. We investigated a small scale example of potential triggered star
formation, finding that the Cep OB3 association of stars is at the right distance to be the
source that has been shaping the molecular cometary cloud and generating star formation
within it. We used integrated 12CO maps to determine the mass of the cloud to be between
∼ 200− 300 M based on XCO and virial estimates.
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Upon further inspection with higher resolution infrared surveys, we found that the
central IRAS source is actually a small cluster of 3 – 4 YSO candidates. Based on SED
fitting, we determined that the central source is a class I YSO, with mass of ∼ 1 M,
surrounded on either side by class II candidates. We found the total stellar mass of the
YSOs to be ∼ 8 M, putting the star formation efficiency between 2.5− 3.5%.
We found that the morphology of the Cepheus cometary cloud and the position of star
formation within match what was found in the Bisbas et al. (2011) suite of simulations. In
addition, we found that there appears to be an age gradient in the YSO population, which
is also found in the simulations. Specifically, we see in front of the cloud is the only place
that transition disk objects are found. Transition disk objects have ages ranging around
∼ 106− 107 years, which would put it right in line with the age estimates of Cep OB3. The
parameters of the Cepheus cloud and our estimates of the initial conditions of the cloud also
place it in the allowed parameter space for radiation-driven implosion and star formation
based on the Bertoldi (1989) phase space.
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CHAPTER 6. SUMMARY AND FUTURE WORK
6.1 Summary
We studied the environments where massive stars form and the roles they play in shaping
their surroundings. In our search for remnant accretion disks we found that they still remain
elusive, but not necessarily absent, finding a few sources that deserve follow-up observations.
Our study of ultra-compact HII regions revealed that a number of them show a real excess
of Lyman photons, which may point to the limitations of current OB stellar models. Our
final two studies investigated the star formation scenarios at two very different size scales,
but found that both show signs of sequential star formation based on their distributions of
young stellar objects.
In the first study we utilized the Churchwell et al. (2006) catalog of bubbles to identify
candidate OB stars which may be the sources of ionization for the HII regions. We were able
to build a small catalog of candidate OB stars using the methods described by Watson et al.
(2008). We also found a selection of candidates in the literature, some of which were also
classified using the same method. One such central ionizing star identified by Kerton et al.
(1999), VES 735 in the KR 140 region, has displayed long lived double-peaked Hα emission
for longer than 15 years. Due to the longevity of the emission, rather than episodic emission
seen in stars like ζ Oph (Niemela¨ and Me´ndez, 1974), VES 735 is a high-quality candidate
for a massive star possessing circumstellar material in the form of a remnant accretion disk.
Using time allocated at the Wyoming Infrared Observatory and the Gemini Near Infrared
Spectrograph, we searched for other such sources exhibiting Hα emission and/or K-band
high density indicators, respectively. We found that N75a, VES 197, and VES 735 all have
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Figure 6.1:  CMa energy distribution from extreme ultra-violet to the mid-infrared com-
pared with 21000K LTE model from Cassinelli et al. (1995). Figure 6.2 from Barstow and
Holberg (2003).
shown double peaked Hα emission in the past. We also established that VES 735 shows
Brγ emission and that N37b shows CO bandhead absorption.
Our second study focused on the Lyman excess phenomenon, finding it appears to be
more prevalent in early B stars and associated with younger, more compact HII regions.
We find that approximately 10% of the CORNISH compact and ultra compact HII regions
display an excess of Lyman continuum photons. We were unable to explain these with new
distance estimates, new photometry, or geometric cover factors. While this phenomenon is
not new, we find that the explanations in the literature such as additional ionization from
Balmer continuum photons and shock excitation from stellar winds do not apply for our
subset of UCHII regions. We also note that even the most favorable magneto disk-accretion
model of material onto the stellar surface does not produce the amount of shock luminosity
needed to produce the amount of excess seen in the majority of our sample.
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Of all the proposed solutions, the explanation that gets closest to solving this problem is
wind blanketing. This idea is supported by one of the few sources where direct measurements
of photospheric emission of EUV can be measured,  CMa. This B2 II star shows excess
EUV (seen in Figure 6.1) and excess infrared emission caused by the effect of backwarming.
Wind blanketing could in turn increase the temperature of the photosphere enough to
produce the excess of ionizing photons. With the addition of an ultra-violet powerlaw on
TLUSTY models to reproduce the observed EUV spectra from Cassinelli et al. (1996), we
were able to increase the ionizing flux for early B-type stars by nearly two dex.
Our third study used high resolution 12CO, 13CO, and infrared data to estimate the
mass of the molecular cloud assciated with CTB 102, an enormous HII, and determine the
young stellar population within. We found the mass to be in the range of 104.8 − 105 M
based on 12CO and virial estimates, with a lower limit, based on 13CO emission of 104.1 M.
We determined the young stellar content of the region using the prescriptions from Koenig
and Leisawitz (2014) and Kang et al. (2017) to analyze WISE and 2MASS photometry.
As we cannot detect sub-solar YSOs at this distance, we used the intermediate-mass YSOs
to estimate the total stellar mass using a Salpeter IMF and calculate the star formation
efficiency of the molecular cloud. We find that the SFE for the region as a whole to be a few
percent above what is commonly found in GMCs, 3 – 5%. We also found an unusually high
SFE associated with the bright knots of 12CO , infrared, and 1420 MHz emission (region
1a), falling within the typical range for compact cores having a SFE between ∼15 – 35%.
Interestingly, we found that this region is much larger than a compact core, being ∼ 25pc2.
Our final study used 12CO and infrared data to determine the mass and YSO population
of a small molecular and atomic cometary cloud believed to be shaped by the Cep OB3
association of stars. We used the XCO factor and virial estimates to determine that the mass
of the head of the cometary cloud is between 200− 300 M. Using the methods described
in Koenig and Leisawitz (2014) and Kang et al. (2017), we analyze the YSO population and
found that location of the star formation is concentrated towards the center of the cloud.
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This shows a notable resemblance to the radiation-driven implosion simulations in Bisbas
et al. (2011), where star formation occurs along a filament down the axis of symmetry of the
cloud. We compare and contrasted the Cepheus and W4 cometary clouds physical features,
paired with their proximity to OB associations, make them ideal examples of star formation
induced by radiation-driven implosion.
6.2 Future work
We find that many of our studies can be improved upon or be more fully realized with
the addition of better distance estimates and better infrared data. Current telescopes such
as Gaia could help us achieve better distance estimates to star forming regions, allowing
us to obtain a larger sample of high-mass stars. The Stratospheric Observatory for Infrared
Astronomy (SOFIA) can provide high-resolution mid-infrared photometry to determine if
these high-mass stars show any extended emission from a warm circumstellar environment
of gas and dust. Within the next few years, the James Webb Space Telescope (JWST ) will
provide greatly improved resolution and sensitivity out to the mid-infrared, which would
give us the ability to discover stars with extended emission, located in star forming regions.
6.2.1 Disk detection
Our work detecting disks and other high-density indicators was somewhat inconclusive;
a sample of ∼10 stars is a relatively small sample of candidate O stars. Due to the rarity of
these stars in time and space, they can be elusive. But, the fact remains that accretion via a
circumstellar disk is still a leading theory for the growth of high-mass stars. The long-lived
double peaked Hα profile for VES 735 (Kerton et al., 1999) and the K-band high density
indicators from the Bik et al. (2006) sample are evidence are suggestive of this. Spectra
in the optical/K-band or higher resolution photometry in the mid-infrared with the new
generation of telescopes (JWST ) or at wavelengths longer than WISE w4 band (SOFIA),
would allow us to detect cool dust emission from a circumstellar environment.
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Our study also only investigated bubbles located in the northern sky and did not focus
on the nearly two hundred bubbles in the southern sky (Churchwell et al., 2006), or the
nearly three hundred bubbles within 10 degrees of the Galactic center (Churchwell et al.,
2007).
While we focused on the infrared disk signatures due to the timescales, using the Ata-
cama Large Millimeter/submillimeter Array (ALMA), it would be possible to observe these
high-mass stars at an earlier stage of evoltion, before the outer disk is destroyed. In fact,
recent observations from Sanna et al. (2018) claim to have directly imaged a very early evo-
lutionary stage. They found an infalling molecular disk at a high accretion rate, building
up to a massive central star. This suggests that searches for cold remnant accretion disks
in the millimeter and sub-millimeter in highly compact regions are feasible.
We found that the Watson et al. (2008) method is a powerful tool in the determination of
high-mass OB stars. However, direct observations of their spectra from WIRO revealed that
some of these may not be early-type stars. Perhaps there are some additional constraints we
can make to reduce the number of false positives, although correct distance determination
plays the largest role in spectral classification using this method. The Gaia space telescope
was designed to measure positions and distances of stars with exceptional precision. A
survey of stars within HII regions, such as the Sharpless (1959) or Churchwell et al. (2006)
catalogs would go a long way in improving the classification methods of these candidate OB
stars.
6.2.2 Lyman Excess Regions
Our study found that while we are able to reasonably explain away a number of Lyman
excess regions with different observational and astrophysical factors, we are still left with
a sample of regions that show true Lyman excess. While the Lyman excess problem could
be solved with wind-line blanketing in B stars, it is also unclear whether this phenomena
is unique to our sample or if this is a characteristic of young stars in ultra-compact HII
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regions. We note that the NLy estimates are lower limits. Perhaps the limts are too low and
each of the ultra-compact HII regions should be showing excess for their given luminosity.
A more comprehensive investigation into the stellar content is vital in understanding these
regions. EUV observations of these stars is not possible, but high resolution mid-infrared
observations with SOFIA or JWST could help to if the Lyman excess is in fact caused by
wind-line blanketing. As seen in Cassinelli et al. (1995) (Figure 6.1), this effect can cause
an enhancement of the SED in the infrared.
6.2.3 Star Formation and JWST
We found that in CTB102 and the Cepheus cometary cloud that there is some uncer-
tainty in color-color cuts and SED modeling of young stellar objects. JWST was designed
for the advancement of multiple areas of modern astronomy, one of which being the birth
of stars and protoplanetary systems. Infrared observations are key to the study of young
stars and their formation. The JWST has both near and mid-infrared instruments, giving
a wavelength coverage from 0.6 to 5 and 5 to 28 µm, respectively. High-resolution imaging
of star-forming/HII regions would have the ability to detect MIR emission from a circum-
stellar environments around young massive stars as well as reveal the sub-solar mass YSOs
in distant regions like CTB 102 that would be able to give clarity to our cluster mass and
star formation efficiency estimates.
6.2.4 Cometary clouds
High resolution 12CO and 13CO observations with the Taeduk Radio Astronomy Obser-
vatory (TRAO) could allow us to find more instances of star formation caused potentially
by radiation-driven implosion. There are many OB associations, which could make it pos-
sible for us to build a catalog of molecular clouds in different phase spaces to compare with
simulations for high and low ionization fluxes.
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